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Remarks 



Reconsideration of this Application is respectfully requested. 

Claims 7-9, 14-16 and 35-40 are pending in the application, with claim 7 being the 
sole independent claim. Based on the following remarks, Applicants respectfully request 
that the Examiner reconsider all outstanding objections and rejections and that they be 
withdrawn. 

/. "Office Action Summary" Page 

The Office Action Summary page of Paper No. 16 indicates that the Office Action 
is responsive to the communication filed on "22 October 2002." {See Paper No. 16, page 
1, item 1.) Applicants' previous response, however, was filed on January 22, 2003. No 
communication was filed on October 22, 2002. A similar error was made on the Office 
Action Summary page of Paper No. 14, indicating that the Office Action was responsive to 
the communication filed on "09 May 2002." {See Paper No. 14, page 1, item 1.) The 
response that preceded Paper No. 14 was filed on August 8, 2002 and no communication 
was filed on May 9, 2002. Clarification is requested. 

As the comments in the present Office Action appear to be directed to the remarks 
submitted in Applicants' previous response, Applicants assume that the present Office 
Action is intended to be responsive to the Amendment and Reply Under 37 C.F.R. §1.111, 
filed on January 22, 2003. 
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//. Objection to the Specification 

The disclosure was objected to because, according to the Examiner, the status of the 
U.S. patent applications listed on pages 14 and 20-21 is missing. {See Paper No. 16, page 
2.) Applicants respectfully request that this ground of objection be held in abeyance until 
the remaining issues in this application are resolved. 

///. Claim Rejections Under 35 U.S. C. § 112, First Paragraph 

A. Written Description 

Claims 7, 9, 14, 16, 35 and 36 were rejected under 35 U.S.C. § 1 12, first paragraph, 
as allegedly containing subject matter which was not described in the specification in such 
a way as to reasonably convey to one skilled in the relevant art that the inventors, at the time 
the application was filed, had possession of the claimed invention. (See Paper No. 16, pages 
2-3.) Applicants respectfully traverse this rejection. 

This rejection is based on the assertion that "[t]he specification does not provide 
sufficient description of a genus of DNA molecules with 90% homology to SEQ ID NO: 1 
that codes for a protein that has an activity of AD7c-NTP when over-expressed in neuronal 
cells." (Paper No. 16, pages 3-4.) For the reasons set forth in Applicants' previous 
responses, Applicants submit that the written description requirement is fully satisfied for 
the subject matter of claims 7, 9, 14, 1 6, 35 and 36. (See Applicants' Amendment and Reply 
Under 37 C.F.R. §1.111, filed on January 22, 2003, (the "January 22, 2003 response") pages 
6-9.) 





-4- 



de la MONTE et al. 
Appl. No. 09/964,678 



To satisfy the written description requirement of 35 USC § 112, first paragraph, 



effective filing date, Applicants were in possession of the invention. See Vas-Cath, Inc. v. 
Mahurkar, 935 F.2d 1555, 1560, 19 USPQ2d 1111,1117 (Fed. Cir. 1991). As made clear 
by the Federal Circuit, "[t]he written description requirement does not require the applicant 
'to describe exactly the subject matter claimed, [instead] the description must clearly allow 
persons of ordinary skill in the art to recognize that [he or she] invented what is claimed.'" 
Union Oil Co. of Cat v. Atlantic Richfield Co., 208 F.3d 989,997, 54 USPQ2d 1227, 1232 
(Fed. Cir. 2000). In addition, not all functional descriptions of genetic material necessarily 
fail to meet the written description requirement; rather, "the requirement may be satisfied 
if in the knowledge of the art the disclosed function is sufficiently correlated to a particular, 
known structure." Enzo Biochem, Inc. v. Gen-Probe Inc., 296 F.3d 1316, 1324 (Fed. Cir. 
2002); See also, Moba, B. V. v. Diamond Automation, Inc., 2003 U.S. App. LEXIS 6285 at 
31-32 (Fed. Cir. 2003). 

A person of ordinary skill in the art would have recognized that Applicants, at the 
time the application was filed, were in possession of the invention insofar as it encompasses 
transgenic non-human animals whose germ and somatic cells comprise a DNA molecule of 
SEQ ID NO: 1 or a DNA molecule which is at least 90% homologous thereto, wherein said 
DNA molecule is over-expressed in one or more cells of said transgenic animal, and wherein 
said DNA molecule codes for a protein that has an activity of AD7c-NTP when over- 
expressed in neuronal cells. 

First, the DNA molecules included within the germ and somatic cells of the claimed 
transgenic animals are not defined solely in terms of their function. As specified in claim 



Applicants must convey with reasonable clarity to those skilled in the art that, as of the 
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7, the germ and somatic cells of the transgenic animals comprise the DNA molecule ofSEQ 
ID NO: 1 or a DNA molecule which is at least 90% homologous thereto. Thus, the claims 
include a structural definition of the DNA constructs. 

Second, procedures for isolating nucleic acid molecules that are at least 90% 
homologous to SEQ ID NO: 1 are described in the specification and were well-known in the 
art. {See, e.g., specification at page 19, lines 3-15.) Moreover, assays are described in the 
specification for determining whether a DNA molecule encodes a protein having an activity 
of AD7c-NTP when over-expressed in neuronal cells. (See specification at page 20, lines 
1-29, and at page 45, line 16 through page 46, line 26.) 

The detail provided in the specification for obtaining DNA molecules that are at least 
90% homologous to SEQ ID NO: 1 and for determining whether they encode proteins 
having an activity of AD7c-NTP when overexpressed in neuronal cells would indicate to 
persons of ordinary skill in the art that Applicants were in possession of DNA molecules 
having the nucleotide sequence of SEQ ID NO: 1 and DNA molecules having a nucleotide 
sequence that is at least 90% identical to SEQ ID NO: 1. By extension, persons of ordinary 
skill in the art would have recognized that Applicants had invented transgenic animals 
whose germ and somatic cells comprise the DNA molecule of SEQ ID NO: 1 or a DNA 
molecule that is at least 90% homologous thereto. This conclusion is fully supported by the 
USPTO's "Synopsis of Application of Written Description Guidelines" and by the Federal 
Circuit's current interpretation and application of 35 U.S.C. § 112, first paragraph. (See 
Applicants' remarks set forth in the Amendment and Reply filed on August 8, 2002, ("the 
August 8, 2002 response") pages 8-12.) Applicants therefore respectfully request that the 




- 6 - de la MONTE et al 

Appl. No. 09/964,678 

written description rejection of claims 7, 9, 14, 16, 35 and 36 be reconsidered and 
withdrawn. 

A Enablement 

Claims 7-9, 14-16 and 35-40 were rejected under 35 U.S.C. § 112, first paragraph, 
as allegedly containing subject matter which was not described in the specification in such 
a way as to enable one skilled in the art to which it pertains, or with which it is most nearly 
connected to make and/or use the invention. {See Paper No. 16, page 6.) Applicants 
respectfully traverse this rejection. 

In order to satisfy the enablement requirement of 35 USC § 1 12, first paragraph, the 
claimed invention must be enabled so that any person skilled in the art can make and use the 
invention without undue experimentation. See In re Wands, 858 F.2d 73 1 , 737, 8 USPQ2d 
1400, 1404 (Fed. Cir. 1988). Since it would require only routine experimentation for a 
person of ordinary skill in the art to make and use the transgenic non-human animals of 
claims 7-9, 35, 36, 39 and 40 and to practice the methods of claims 14-16, 37 and 38, the 
enablement requirement of 35 U.S.C. § 1 12, first paragraph, is fully satisfied. 

1. Enablement Provided for the DNA Molecules That are Included 
Within the Transgenic Animals of the Invention 

The rejection is based, in part, on the assertion that it would have required undue 

experimentation for a skilled artisan to obtain a DNA molecule that is at least 90% 

homologous to SEQ ID NO: 1 and that codes for a protein that has an activity of AD7c-NTP 

when over-expressed in neuronal cells. {See Paper No. 16, pages 7-8.) As explained in 

Applicants' previous response, a person of ordinary skill in the art, using only routine 
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methods, would have been able to obtain the DNA molecules that are used to produce the 
transgenic animals of the invention. {See the January 22, 2003 response, pages 10-11.) 

The specification provides exemplary methods for obtaining DNA molecules which 
are at least 90% homologous to SEQ ID NO: 1 . Such methods involve, e.g. , the isolation of 
DNA molecules from cDNA libraries by hybridization under stringent conditions to the 
DNA molecule of SEQ ID NO:l. {See specification at page 19, lines 3-15.) Additional 
methods for obtaining DNA molecules that are at least 90% homologous to SEQ ID NO:l 
include the use of directed and random mutagenesis techniques. Such methods were well 
known to those of ordinary skill in the art at the time of the invention. See, e.g., Sambrook 
et al., "Creating Many Mutations in a Defined Segment of DNA," in Molecular Cloning, A 
Laboratory Manual, Sambrook etf al, eds., Cold Spring Harbor Laboratory Press, pp. 15.95- 
15.108 (1989) (copy attached to the January 22, 2003 response, as Exhibit 1). 

Once obtained, DNA molecules that are at least 90% homologous to SEQ ID NO: 1 
could have easily been tested for the ability to encode a protein having an activity of AD7c- 
NTP. The specification describes various methods for assaying for AD7c-NTP activity. For 
example, transgenic animals can be made that over-express AD7c-NTP in neuronal cells, 
and, once obtained, the transgenic animals may be analyzed for evidence of neuronal or 
neuritic abnormalities associated with Alzheimer's disease, neuroectodermal tumors, 
malignant astrocytomas and glioblastomas. {See specification at page 20, lines 1-29.) 

Additionally, in vitro methods could have been used to test for AD7c-NTP activity. 
For example, the specification exemplifies an assay involving the overexpression of AD7c- 
NTP in neuronal cells and the subsequent analysis for cellular characteristics of Alzheimer's 
disease, including apoptosis and neuritic sprouting. {See specification at page 46, lines 4- 
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26.) Thus, the full range of DNA molecules that are included within the transgenic animals 
of the invention could have been easily made and analyzed by persons of ordinary skill in 
the art using only routine methods and experimentation. 

The Examiner cited Amgen, Inc. v. Chugai Pharmaceutical Co., Ltd., 927F.2d 1200 
(Fed. Cir. 1991) to support the enablement rejection. (See Paper No. 16, page 8). The 
claims at issue in Amgen, however, were directed to DNA sequences defined solely in 
functional terms. 1 The present claims specify that the germ and somatic cells of the 
transgenic animals comprise the DNA molecule of SEQ ID NO: 1 or a DNA molecule which 
is at least 90% homologous thereto, and wherein the DNA molecule codes for a protein that 
has an activity of AD7c-NTP when over-expressed in neuronal cells. Therefore, the 
reasoning set forth in Amgen for finding the claims non-enabled cannot be used to support 
a rejection of the present claims for lack of enablement. 

2. Enablement Provided for the Transgenic Animals That are 
Encompassed by or Used in the Practice of the Claimed Invention 

The rejection is also based on the assertion that: 

the as-filed specification does not provide sufficient guidance 
or factual evidence for using the DNA molecule for making 
a transgenic non-human animal expressing a nucleotide 
sequence encoding SEQ ID NO: 1 or a DNA molecule, which 
is at least 90% homologous thereto, and any corresponding 
phenotype. 



^laim 7 of U.S. Patent No. 4,703,008, the claim at issue in the enablement analysis of Amgen, is as 
follows: "A purified and isolated DNA sequence consisting essentially of a DNA sequence encoding a 
polypeptide having an amino acid sequence sufficiently duplicative of that of erythropoietin to allow possession 
of the biological property of causing bone marrow cells to increase production of reticulocytes and red blood 
cells, and to increase hemoglobin synthesis or iron uptake." Amgen at 1204. 
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(Paper No. 16, page 9.) Applicants respectfully disagree. As stated in the previous 

response, methods for creating transgenic animals encompassed by and used in the practice 

of the claimed invention would have required no more than routine experimentation. {See 

the January 22, 2003 response, pages 12-15.) 

The rejection is based to a large extent on the interpretation of the claims as requiring 

that the transgenic animals "[express] the protein at a level sufficient to result in a specific 

phenotype." (Paper No. 16, page 11.) The Examiner stated that: 

[w]hile the state of the art of transgenics is such that one of 
skill in the art would be able to produce [a] transgenic animal 
comprising a transgene of interest (e.g. SEQ ID NO: 1 or a 
sequence with 90% homology thereto); it is not predictable 
if the transgene would be expressed at a level and specificity 
sufficient to cause a particular phenotype. 

(Paper No. 16, page 11.) Applicants respectfully disagree with the Examinees interpretation 

of the claims. 

As noted in the January 22, 2003 response, none of the claims, except for claims 37 
and 38, specify a phenotype exhibited by the transgenic animals. {See the January 22, 2003 
response, pages 26-27.) The specification does not indicate that the claims should be 
interpreted to require that the transgenic animals exhibit any specific phenotype. 

The Examiner stated that "it is unknown what other purpose the transgenic animal 
would serve if the transgene (e.g. AD7c-NTP) is not expressed at a sufficient level for a 
resulting phenotype." (Paper No. 16, page 17.) As previously asserted, transgenic animals 
encompassed by or included within the subject matter of claims 7-9, 14-16, 35, 36, 39 and 
40 are useful in, e.g., drug screening applications even if they do not exhibit any specific 
phenotypes. {See January 22, 2003 response, pages 26-27.) The Examiner nonetheless 
stated that: 
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it is not apparent to one skilled in the art how a transgenic 
non-human animal can be used in an assay for screening a 
candidate drug of Alzheimer's disease, neuroectodermal 
tumors, malignant astrocytomas, and glioblastomas in a 
transgenic non-human animal comprising a nucleotide 
sequence that is SEQ ID NO: 1 or 90% homologous to SEQ 
ED NO: 1 , if a phenotype comprising neuritic sprouting, nerve 
cell death, nerve cell degeneration, neurofibrillary tangles, 
and/or irregular swollen neurites in neuronal cells is not 
observed in the transgenic animal. 

(Paper No. 16, page 17.) The use of transgenic animals of the invention for drug screening 

applications, wherein the animals do not exhibit neuritic sprouting, nerve cell death, nerve 

cell degeneration, neurofibrillary tangles, and/or irregular swollen neurites, was set forth in 

the previous response. (See the January 22, 2003 response, page 27.) 

Briefly, candidate drugs can be administered to a transgenic animal whose germ and 

somatic cells comprise the DNA molecule of SEQ ID NO:l or a DNA molecule which is 

at least 90% homologous thereto. Candidate drugs can be identified by their ability to cause, 

e.g., the suppression or prevention of expression of the protein encoded by the DNA 

molecule contained by the transgenic animal. (See specification at page 21, line 12.) 

Alternatively, drugs can be identified on the basis of their ability to increase the degradation 

of the protein encoded by the DNA molecule contained by the transgenic animal. (See 

specification at page 21, line 13.) Method claims 14-16 specifically comprise detecting at 

least one of the following: (i) the suppression or prevention of expression of the protein 

coded for by the DNA molecule contained by said animal; or (ii) the increased degradation 

of the protein coded for by the DNA construct contained by said animal. The only 

characteristic that the transgenic animals encompassed by or included within the subject 

matter of claims 7-9, 14-16, 35, 36, 39 and 40 need to possess in order to be useful for the 

contemplated screening methods is that they express the DNA molecule of SEQ ID NO:l 
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or a DNA molecule that is at least 90% homologous thereto. It is unnecessary that they 
exhibit neuritic sprouting, nerve cell death, nerve cell degeneration, neurofibrillary tangles, 
and/or irregular swollen neurites. 

Notwithstanding the fact that none of the claims, except claims 37 and 38, specify 
a phenotype exhibited by the transgenic animals, Applicants respectfully disagree with the 
assertion that the production of transgenic animals of the invention that exhibit a specific 
phenotype (e.g., neuritic sprouting, nerve cell death, nerve cell degeneration, neurofibrillary 
tangles, and/or irregular swollen neurites) would have required undue experimentation. 

The Examiner cited Polejaeva et al. , Theriogenology 53: 1 1 7- 1 26 (2000) to show that 
"producing transgenic animals with a predictable phenotype was considered unpredictable." 
(Paper No. 16, page 9.) As previously noted, Polejaeva discusses the successful production 
of many species of transgenic animals and therefore does not suggest that transgenic animal 
production would have required undue experimentation. (See the January 22, 2003 response 
at pages 21-24.) 

The Examiner also asserted various technical issues relating to the production of 
transgenic animals, including "[t]he individual gene of interest, coding, or non-coding 
sequences present in the transgene construct, [and] the specificity of transgene integration 
into the genome." (Paper No. 16, page 12.) In addition, the Examiner cited Wall, R.J., 
Theriogenology 45:57-68 (1996), Houdebine, L-M., J. Biotechnology 54:269-287 (1994), 
Mullins, L.J. and Mullins, J.J., J. Clin. Invest. 97:1557-1560 (1996), and Strojek, R.M. and 
Wagner, T.E., Genetic Engineering: Principles and Methods 70:221-246 (1988), which 
supposedly illustrate the technical difficulties associated with producing transgenic animals 
that exhibit a particular phenotype. 
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The technical considerations cited by the Examiner do not suggest that producing 
transgenic animals with particular pheno types would have required undue experimentation. 
In fact, Wall and Mullins both describe examples of the successful production of transgenic 
animals with specific desired phenotypes. (See the January 22, 2003 response, pages 28-29.) 
As discussed below, the numerous examples in the scientific literature of the successful 
production of transgenic animals that display desired phenotypes indicates that it would not 
have required undue experimentation to make and use the transgenic animals of the 
invention. 

It was also asserted that: 



the specification fails to provide any relevant teachings or 
sufficient guidance with regards to the production of any 
transgenic non-human animals comprising a transgenic 
sequence encoding SEQ ID NO: 1 or a sequence with 90% 
homology thereto, which over-expresses the transgenic 
sequence such that a phenotype occurs. 



(Paper No. 16, page 10.) Applicants respectfully disagree. The specification describes 
exemplary methods for obtaining transgenic animals including, e.g., injecting a DNA 
construct into a fertilized egg which is allowed to develop into an adult animal, and 
generating transgenic animals with embryonic stem cell technology. (See specification at 
page 20, lines 3-17.) The specification also cites and incorporates by reference several 
references which describe additional methods of preparing transgenic animals. (See 
specification at page 20, lines 18-25.) 

There are numerous examples in the scientific literature of the production of 
transgenic animals exhibiting specific desired phenotypes. Applicants have previously 
submitted several such examples. (See the August 8, 2002 response at pages 31-32, and 
Exhibits B-E attached thereto.) With respect to these examples, the Examiner stated that 
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"the exhibits do not provide sufficient guidance or factual evidence for producing the 
claimed transgenic non-human animal. In addition, the exhibits do not use the same method 
and materials as contemplated by the specification." (Paper No. 16, page 15.) 

The fact that the exhibits do not demonstrate the production of the "claimed 
transgenic non-human animal" does not support a finding of non-enablement. "The mere 
fact that something has not previously been done clearly is not, in itself, a sufficient basis 
for rejecting all applications purporting to disclose how to do it." Gould v. Quigg, 822 F.2d 
1 074, 1 078, 3 USPQ2d 1 302, 1 304 (Fed. Cir. 1 987) (quoting In re Chilowsky, 229 F.2d 457, 
461, 108 USPQ 321, 325 (CCPA 1956)). 

In addition, it is incorrect that the methods exemplified in the exhibits are not 
"contemplated by the specification. " The specification makes clear that any method known 
to those skilled in the art can be used for the production of the transgenic animals of the 
invention. (See, e.g., specification at page 20, lines 18-19, citing and incorporating by 
reference U.S. Patent No. 5,602,299, describing numerous methods known in the art; see 
also the August 8, 2002 response at page 21.) Thus, the methods used in exhibits B-E, 
which were known and available as of the effective filing date of the application, were 
contemplated by the specification. 

The fact that there are numerous examples in the art of successfully produced 
transgenic animals expressing specific desired phenotypes indicates that the production of 
the transgenic animals of the invention would not have required undue experimentation. 

The Examiner referred to the following sentence from de la Monte and Wands, J. 
Neuropathol Exp. Neurol. 50:195-207 (2001): 



Although initial studies suggested that AD7c-NTP over- 
expression might contribute to AD neurodegeneration by 
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promoting cell death, we were unable to investigate this issue 
using standard stably transfected cells because of progressive 
depletion of the cells in culture, which probably died due to 
apoptosis induced by AD7c-NTP expression. 



(de la Monte and Wands, sentence bridging pages 203-204, internal citation omitted, 
referred to in Paper No. 16, page 16.) Based on this sentence, the Examiner asserted that 
"the specification does not provide sufficient guidance for one skilled in the art to over- 
express AD7c-NTP in cells of an animal and avoid depletion of cells resulting in death of 
the animal." (Paper No. 16, page 16.) Applicants do not agree that over-expression of a 
DNA molecule of SEQ ID NO:l or a DNA molecule which is at least 90% homologous 
thereto in one or more cells of the claimed transgenic animals would necessarily result in 
death of the animals. Nonetheless, the eventual death of the transgenic animals due to over- 
expression of SEQ ID NO:l or a DNA molecule that is at least 90% homologous thereto 
does not indicate that producing the transgenic animals would have required undue 
experimentation or that the animals could not have been used in drug screening applications 
prior to the time of death. 

Finally, the Examiner cited four references that supposedly show "the 
unpredictability of making an animal model using amyloid Beta protein, which is also over- 
expressed in the brain of patients with AD." (Paper No. 16, page 16, citing Mucke et aL, 
Brain Res. 666:151-167 (1994), Sandhu, Age 77:7-11 (1994), Malherbe et al., NeurobioL 
Aging 77:205-214 (1996), and Loring et al, NeurobioL Aging 77:173-182 (1996).) The 
cited references, however, do not indicate that the production of transgenic animals 
expressing an Alzheimer's disease-related transgene (Ap) would have required undue 
experimentation. In fact, all of these references demonstrate the successful production of 
transgenic animals. 
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In addition, there are numerous other examples from the scientific literature showing 
the successful production of transgenic animals expressing amyloid beta genes or variants 
thereof, wherein the transgenic animals displayed neurological phenotypes indicative of 
Alzheimer's disease. Exemplary references include Quon etal, Nature 552:239-241 (1991) 
(copy included herewith as Exhibit A); Wirak et al, Science 253:323-325 (1991) (copy 
included herewith as Exhibit B); Kammesheidt et al, Proc. Natl Acad. Sci. USA 89: 1 0857- 
10861 (1992) (copy included herewith as Exhibit C); Games et al, Nature 575:523-527 
(1995) (copy included herewith as Exhibit D); and Johnson- Wood et al, Proc. Natl Acad. 
Sci. USA 94:1550-1555 (1997) (copy included herewith as Exhibit E). These references 
provide further evidence that the transgenic animals of the present invention could have been 
made and used without undue experimentation. 



A person of ordinary skill in the art, in view of the specification, would have been 
able to make and use the transgenic animals of the invention using routine methods that were 
well known in the art. No evidence or sound scientific arguments have been presented to 
explain why, despite the fact that numerous examples of the successful production of 
transgenic animals existed in the scientific literature, the production of the transgenic 
animals of the present invention would have required undue experimentation. Applicants 
therefore respectfully request that the enablement rejection of claims 7-9, 14-16 and 35-40 
be reconsidered and withdrawn. 



5. 



Summary 
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Conclusion 



All of the stated grounds of objection and rejection have been properly traversed, 
accommodated, or rendered moot. Applicants therefore respectfully request that the 
Examiner reconsider all presently outstanding objections and rejections and that they be 
withdrawn. Applicants believe that a full and complete reply has been made to the 
outstanding Office Action. If the Examiner believes, for any reason, that personal 
communication will expedite prosecution of this application, the Examiner is invited to 
telephone the undersigned at the number provided. 

Prompt and favorable consideration of this Reply is respectfully requested. 



Respectfully submitted, 



Sterne, Kessler, Goldstein & Fox p.l.l.c. 



Frank R. Cottingham 
Attorney for Applicants 
Registration No. 50,437 





1 100 New York Avenue, N.W. 
Washington, D.C. 20005-3934 
(202) 371-2600 
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EXHIBIT A 



NOTICE^ This material may be protected 
by copyright law {Title 17 U.S. Code) 



LETTERS TO NATURE 



formation of 0 -amyloid 
protein deposits in 
brains of transgenic mice 

D. Quon, Y. Wang, R. Catalano, J. Marian Scardina, 
K. Murakami* & B. Cord ell t 

California Biotechnology Inc., 2450 Bayshore Parkway, Mountain View. 
California 94043, USA 

* present address: Research Institute, Daiichi Pharmaceutical Co., 16- 
Klta-kasi lXhbme Edogawa-ku, Tokyo 134. Japan 
t To whom correspondence should be addressed 



Deposits of j8-amyloid are oae of the main pathological charac- 
teristics of Alzheimer's disease. The 0-amyloid peptide constituent 
(relative molecular mass 4,200) of the deposits is derived from the 
/} -amyloid precursor protein (0-APP) which is expressed in several 
different isoforms 1 "*. The two most prevalent p-APP isoforms are 
distinguished by either the presence (0-APP751) or absence (0- 
APP695) of a Kunitz serine protease inhibitor domain. Changes 
in the abundance of different 0-APP messenger RNAs in brains 
of Alzheimer's disease victims have been widely reported ~ . 
Although these results have been controversial, most evidence 
favours an increase in the mRNAs encoding protease inhibitor- 
containing isoforms of jB-APP and it is proposed that this change 
contributes to ^-amyloid formation 9-12 . We have now produced 
an imbalance in the normal neuronal ratio of 0-APP isoforms by 
preparing transgenic mice expressing additional 0-APP751 under 
the control of a neural-specific promoter. The cortical and hlp- 
pocampal brain regions of the transgenic mice display extracellular 
0-amyloid immunoreactive deposits varying in size (<5-50 u.m) 
and abundance. These results suggest that one mechanism of 
^-amyloid formation may involve a disruption of the normal ratio 
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FIG. 1 NSE 0-APP751 expression in brain, a, Agarose gel electrophoresis 
of reverse transcribed PCR products visualized with ethidium bromide stain- 
ing Even numbered lanes, reverse transcribed PCR products from wild-type 
(WT), NSE: 0-APP751 founder 10 (F10), founder 11 (Fll) and founder 24 
(F24) RNA primed with primers specific for NSE 0-APP751 RNA. Odd 
numbered lanes, reverse-transcribed PCR products from RNA primed with 
primers specific for endogenous £-APP RNA. b. Southern blot of above 
reverse-transcribed PCR products using 32 P-labelled oligonucleotide probe 
specific for the NSE: £-APP751 chlmaeric gene. Lanes are the same as in 
a c. Western blot analysis of 0-APP in brain. Lane 1, WT; 2, F10; 3, Fil; 4. 
F24 total brain protein immunoblotted with £-APP antiserum. 
METHODS. An ~8-kb rat genomic fragment containing the NSE gene was 



of neuronal JS-APP isoform expression and support a direct 
relationship between increased expression of Kunitz inhibitor- 
bearing 0-APP isoforms and 0-amyloid deposition. 

A chimaeric gene was constructed between the human f$- 
APP751 complementary DNA and the rat neural-specific 
enolase (NSE) promoter, termed NSE: 0-APP751. The rat NSE 
promoter directs the neural-specific expression of /3-galac- 
tosidase in transgenic mice 13 and we have confirmed this using 
a NSE promoter fragment slightly truncated at the 5' terminus 
(our unpublished results). The promoter fragment containing 
the 5' untranslated region of NSE and a roughly 1.2-kilobase 
(kb) intron in this domain was fused to the 0-APP751 cDNA 
such that the initiator methionine of NSE was replaced with 
the initiator methionine of 0-APP751. Nine of 44 mice that 
developed from embryos injected with NSE:/J-APP751 DNA 
carried the transgene. Three pedigrees were selected for exten- 
sive characterization: founders 10 (F10), 11 (Fll) and 24 (F24). 
Homo- and hemizygotic states and transgene copy numbers 
were determined by comparison to the endogenous single copy 
/3-APP mouse gene using Southern blot hybridization with a 
probe common to both mouse /3-APP and human 0-APP751 
(Table 1). 

RNA expression of the inherited transgenes in the three 
pedigrees was investigated. Total brain RNA was isolated both 
from positive and from wild-type control animals, reverse tran- 
scribed, and a specific DNA subfragment amplified by poly- 
merase chain reaction (PCR). Primers for PCR were designed 
such that only transcripts derived from the transgene would be 
amplified, that is, one primer hybridizes to the NSE 5' untrans- 
lated region and the other to the 5' coding domain of /3-APP. 
The NSE PCR primer corresponds to a site located upstream 
of the intron so that amplification of contaminating genomic 
DNA or unprocessed transcripts could be detected. A predicted 
373-base pair (bp) fragment is amplified from reverse-tran- 
scribed RNA prepared from each transgenic animal but not 
from wild-type mice (Fig. la). As a control, half of the reverse- 
transcribed RNA was amplified with a primer for the native 

isolated on the basis of the published sequence 32 and the 2.34<b fragment 
used for the chimaeric gene isolated by PCR. PCR primers were designed 
to generate Bg!\\ and Nco\ sites at the 5' and 3' terminus of the fragment, 
respectively. A MuKposition 123)-Xmr?1(position 2,665) fragment was iso- 
lated from 0-APP751 cDNA 4 , and was ligated with the 2.3-kb NSE fragment 
harboured in a derivative of pcDVl plasmid containing the simian virus 40 
(SV40) late region polyadenylation signal 23 . A linear fragment of NSE: p- 
APP751 was prepared by cleavage with Saf\ and Afcfel and was injected into 
fertilized embryos of the JU strain of mouse 24 . The JU strain, developed by 
Eric Bradford at the University of California Davis, was chosen for its large 
litter size. For genotype and copy number determinations, 40 y.g of tail DNA 
wastii gested with BglW and electrophoresed on 0.8% agarose gels. Southern 
blots were prepared 25 and hybridized with an oligonucleotide probe (5'- 
ATGGATGTGTACTGTTTCTTCTTCA-3') radiolabeled with 32 P by T4 kinase. 
Blots were hybridized at QO°C in 6xSET (1XSET-0.15M Nad, 30 mM 
Tris-HCt pHS.0, 2mM EDTA) with SxDenhardt's solution and washed at 
60 °C for 40 min in 6 XSSC (1 xSSC=0.15 M Nad, 0.015 M Na-citrate). For 
transcriptional analyses, 2 of total brain RNA was reverse transcribed 
with oligo(dT) l2 _ 18 , after which the reaction was divided Into two equal 
aliquots. PCR 26 was done on one aliquot using NSE (5'-CACCGCCACCGGCTG- 
AGTCTQCAGTCCTCG-3') and j3-APP (5'-TCTTGCACTGCnGCGGCCCCGCn- 
GCACC-3') primers and on the second aliquot with the same 0-APP primer 
and a primer to the secretory signal sequence of 0-APP (5'-TTGGCACTGCT- 
CCTGCTGGCCGCCTGGACG-3') in place of the NSE primer. DNA products were 
electrophoresed on 2% agarose gels, visualized by staining with ethidium 
bromide, then Southern blotted 25 and hybridized with a 32 P-labelled oligonu- 
cleotide probe to the NSE: 0-APP751 fusion sequence (5'-AGATCCCAGC- 
CACCGATGCTGCCCGGTTTG-3'). Blots were hybridized at 65 °C in 6 x SET and 
washed at 65 °C for 40 min in 4XSSC. Protein homogenates were made 
from' total brain 14 and 50 ^ of each sample was electrophoresed on 
7.5% SDS-potyacrylamide gels 27 . A western blot 28 was developed using a 
1:500 dilution of antiserum and 125 Mabel!ed protein A. The antiserum was 
raised against full-length human 0-APP695 expressed by a recombinant 
vaccinia virus 16 , identically prepared gels stained with Coomassie blue dye 
confirmed that equivalent amounts of protein were loaded for each sample. 
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«" A se <? et0T y s, g" a ' sequence and the same 5' coding domain 
0-APP primer to produce a 307-bp DNA fragment representing 
amplification from endogenous 0-APP RNA (Fig. la) When 
all the PCR reaction products are hybridized with a probe 
bndg^g the junction between NSE and /3-APP751 sequences 
only the products derived from the transgenic brains hybridize' 
documenting the authenticity of the 373-bp PCR product (Fig! 

Western blots were made to evaluate changes in protein 
expression ,n the brains of the transgenic animals Equal 
amounts of total protein from whole brain homogenates were 
electrophoresed on polyacrylamide gels, transferred to a mem- 

le^tt fl e APp a A e K ^ P0l y c,0nal sen ™ raised against full- 
length 0-APP. A band (or set of unresolved bands) of relative 
molecular mass of about 130,000 (130K), corresponding to the 
reported average size of mammalian brain 0-APPisoforms ,4 - ,<s 
is observed in the control, as well as in each transgenic protein 
homogenate (Fig. 1c). This signal is increased in the NSE:S- 
APP751 samples relative to the wild-type sample sueeestin., 
globally elevated /5-APP751 expression in'the tS&SSX? 
lo obtain a more refined examination of NSE-S-APP751 
expression and its effects, we used immunocytochemistry 

A panel of monoclonal antibodies was prepared using a 
synthetic peptide corresponding to residues 1-28 of the B 
amyloid protein as the immunogen. The specificity of the mono- 
clones was established by immunoperoxidase staining of brain 
sections from Alzheimer's disease victims (Fig. 2 a, b). Sections 
were prepared from brains of NSE:/3-APP751 transgenic mice 
as well as from wild-type mice and both were stained in parallel' 
with one monoclonal, 4.1 (Table 1). Reproducibly greater 
immunoperoxidase reactivity is observed in neurons and as fine 

Dare7wS^ 8h ° Ut ° f the tnns ^ aic brains com- 

pared with the immunoreactivity visualized in brains from wild- 

Srir^w ' / ),f r0n °" nced stainin * ° f auntie processes is also 
noticeable (Fig. 2d). This enhancement of arbor-forming 
neuronal processes is most evident in the stratum flanking the 
pyrarmdal cell layer of the CA-1 and CA-3 regions of transgenic 



R& 2 Immunoperoxidase staining of human and mouse brain 
Human Alzheimer's disease tissue section from caudal hio." 
pocampus stained with 4.1 antibody without (a) and an adia 
cent section [b) with preincubation with the ^-amyloid svn 

^T^l^^ ie "J X250) - «PP«w»»W CA-1 field of 
NSE p. APP751 F10 (number 334) stained with antibodies to 

NSE 0-APP751 F10 (number 334) stained with 4.1 antibody 
W. same region from wild-type mouse (number 3) identically 
stained with 4.1 antibody (e) (X500) 

J^S 8 ** r theti ° peptide ™'**>°n<Sng to residues 
1-28 of the 0-amyloid protein" was prepared and self- 
aggregated by freezing and thawing. The peptide aggregate 
was mixed with methylated bovine serum alburn* 
adjuvant for immunizing and boosting mice. Hybridomas from 
*» tanmzM spleen cells were generated" Clones secret- 

nmrting diluhon. The epitope recognized by each monoclonal 
was mapped to the N -terminal 10 residues of the /5-amytoid 

ZHL^M* ° ?° US * brainS ' bralns Amoved 
and f*ed with 4% paraformaldehyde, embedded in paraffin 
ana 6 (im coronal midbrain sections made. Sections were 
deparafflnized, rehydrated. treated for 30 min with 0.3% HA, 
then i with 80% formic acid for ~2min. Sections were next 
incited at 37°c for 30min with a 1/20 dilution of bSS 
boned medium from the hybridoma secreting the 4.1 antibody 
U^; m ° USe horseradish peroxidase 

Sri rsssaais r! 

from .nd.v.duals chnically diagnosed with Alzheimer's disease. tT human 
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TABLE 1 Summary of mice used for immunohistology 



Lfne Animal 



Copy 



NSE0-APP751 
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c 
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12 


Aa 


•31 s 


r 
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Aa 


1 PSi 
1DO 


F 


■5 


Aa 




Jvf 
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AA 


11 0 


M 


15 


Aa 


-J J. 


M 


12 


Aa 


236 


IVI 


A 

4 


AA 


287 


F 


3 


AA 


24 77 


M 


8 


Aa 


201 


F 


5 


AA 


Wild type 








1 


F 


4 


NA 
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F 


4 




3 


M 


* 5 
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M 


3 




5 


M 


9 




6 


F 


12 




7 


M 


14 





Sex Age* Genotype numbert Deposits* 



+ + + 
++ 
+ + + 

T 
+ + + 

+ 
+ + + 

+ 

+ 

+ 



NA 



M and F Indicate male and female mice, respectively; AA and Aa represent 
55f and hemi ^'<= "mm*, respectively; NA. no, app*X 
t Haplold. 

(+/++/+++ ) dative abundance of deposits 
that is, + indicates <5; + + indicates 5-10; + + + indicates > 10 deros its 

K£ THJZE a¥ "*" e of mult ** e secli <™ stained * P °" t ' 
§ NSE 0-APP751 F10. number 31 died of unknown cause. 

hippocampi. Both neuronal and process staining are fully com- 
peted by earlier incubation of the antibody with the synthetic ' 

flsoTeS P , ePt Ne K rit i C S£ain, ' ng " the trans S enic «« 
also detected using antibodies raised against full-length S-APP 

(Fig. 2c), ind lC ating full-length 0-APP is present in the neuritic 




e^n, thT T^" Stained identil:a ^ 34 mouse tissue sections 
SStt^T 9896 f0rmiC acid f0f 10 min - Fw competition 

expenmems, the antibody diluent was preincubated at 4 °C for 12 h then 

aonlllf ZT* "* m ' 1-28 1*-™*** Synthetic peptide before 

XZT^llt^^ s and silver staining *" ™<* 
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" FIG. 3 Immunoreactive deposits in USE /J- APP751 
brains, a, Compact deposit in f rontalparietal cortex 
of Fll (number 0}; b, compact deposit in thalamus 
of Fll (number 236); c, compact deposit in hip- 
pocampal CA-2 field of Fll (number Oh d, cluster 
of deposits in f rontalparietal cortex of F10 (number 
168): e. adjacent section as in d but antibody 
preincubated with £- amyloid synthetic peptide 
before staining (arrowheads demark same capil- 
laries in field of d and eh f, amorphous deposits 
in the hippocampal stratum moleculare of Fll 
{number 236) (x500). Immunocytochemistry and 
competition were performed as described in the 
legend to Fig. 2. 




processes, although the possibility that the neurites also contain 
/? -amyloid protein cannot be excluded. 

Extracellular immunoreactfVe deposits are also consistently 
seen in the brain sections from each of the three transgenic lines 
stained with the 4.1 monoclonal which are not seen in sections 
from wild-type animals identically stained. The immunoreactive 
deposits vary in size, shape and frequency. Examples of compact 
deposits 10-50 u,m in diameter are shown in Fig. la~d. These 
immunoreactive deposits tend to occur in clusters and are most 
frequently observed in the cortex and hippocampus although 
occasionally they have been found in the thalamus and striatum, 
A second type of immunoreactive extracellular deposit is repro- 
ducibly seen in transgenic brain sections which is lacking in 
control brain sections. This type of deposit is diffuse, amorphous 
and granular (Fig. 3f). Detection of extracellular deposits in 
the tissue sections from the transgenic animals required treat- 
ment with formic acid. Immunoreactivity of these structures also 
could be competed by the -amyloid peptide (Fig. 3e). In a 
preliminary survey, antibodies to fulUlength 0-APP stained 
extracellular deposits of similar morphology as those stained 
by the 4.1 monoclonal. Also, in general, the deposits are stained 
by silver salts, infrequently by thioflavin S, but not by Congo 
red, corroborating a preamyloid-like composition (data not 
shown). Owing to the small group of animals analysed, it is 
difficult to make a correlation between the frequency of deposit 
appearance with age, genotype or sex (Table 1). 

Although there may exist several different mechanisms pro- 
moting @ -amyloid formation 17 , the observed increased level of 
Kunit2 inhibitor-containing 0-APP isoform RNA in neurons of 
Alzheimer's disease brains suggests that Kunitz inhibitor 0-APP 
isoform overexpression may be one mechanism 9 " 12 . The three 
NSE:0-APP751 transgenic lines which have moderately 
increased neuronal expression of 0-APP751 and form extracel- 
lular -amyloid immunoreactive deposits (as well as our pre- 
liminary data on NSE:/3-APP695 transgenic lines which do not) 
support this hypothesis. The two types of extracellular deposits, 
diffuse and compact, seen in the transgenic mice resemble several 
£ -amyloid structures typically seen in the brains of Alzheimer's 
disease victims, specifically preamyloid and preamyloid 
plaques 18 " 31 . It will be of interest to determine whether the 
quality and/ or quantity of deposits change in an age-dependent 
manner and if the mice display other pathological features 
characteristic of Alzheimer's disease. □ 
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Spontaneous calcium release 
from inositol trisphosphate- 
sensitive calcium stores 
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Inositol 1,4,5-trisphosphate (InsP 3 ) functions as a second 
messenger to mobilize Ca 2 * from intracellular reservoirs 1 . The 
release mechanism displays all-or-none characteristics 2,3 , that may 
account for other observations that the InsP 3 -induced mobilization 
of Ca 2+ is quantaJ 4-6 . Quantal release may depend on the sensitivity 
of the InsP 3 receptor being regulated by the Ca 2+ concentration 
in the lumen of the endoplasmic reticulum 7 . We report here that 
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< The second brightest globular 
cluster in the sky, NGC104 or 47 
Tucanae, is now shown to host not 
one but 11 millisecond pulsars 
(pages 219 and 195), bringing the 
present count to 23. Wind' from 
such pulsars could explain the rela- 
tive lack of gas in globular clusters, 
page 221. (Photo: ESO.) 
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thirtysomething 

Alkall-metal-doped compounds 
of Cgo fullerenes are proving 
fertile ground for the search for 
high-temperature superconduc- 
tors. Potassium and rubidium 
doping are known to produce 
superconducting phases, but 
now two labs report supercon- 
ductivity at and above 3(T K 
using caesium (page 223) and 
caesium/rubidium dopants (see 
page 222). 

Seventh gear 

Development of the R7 photo- 
receptor in the Drosophita eye 
involves an interaction requiring 
expression of the cell surface 
receptor encoded by sevenless 
gene in R7 cells and bride of 
seven f ess in R8 cells. On page 
207, Kramer et al, demonstrate 
that 'boss', a protein on the 
surface of R8, interacts directly 
with sev on R7, and that the 
boss protein is actually taken up 
by the R7 cells by receptor- 
mediator endocytosis. News and 
Views page 193. 

Rb function 

The function of the product of 
the retinoblastoma gene in nor- 
mal cells is a negative regulator 
of cellular proliferation. Wild- 
type retinoblastoma protein 
forms a complex with a cellular 
transcription factor; on page 
249 this complex is shown also 
to contain cyclin A and a natur- 
ally occurring mutant of Rb is 
reported to be unable to form 
this complex. In a separate ex- 
periment (page 251), the clon- 
ing of genes encoding two hu- 
man cellular proteins that bind 
to the Rb product in. competition 
with DNA tumour virus trans- 
forming proteins is reported. 
News and Views page 189. 

Fish course 

The earliest-known land verte- 
brate, Acanthostega, had.fish- 
■ike internal gills, suggesting 
that it retained far more of an 
aquatic lifestyle than has been 
realized. Page 234. 



Sulphur count 

Radioactive sulphur-35, pro- 
duced by cosmic-ray bombard- 
ment In the upper atmosphere, 
provides a marker with potential 
as a worldwide measure of S0 2 
oxidation and sulphate removal 
rates. Aerosol sulphate is 
thought to play a role in tropo- 
spheric heat balance, and is 
therefore relevant to the issue 
of global warming. See page 
226. 

Fatherly figures 

Strict maternal inheritance of 
mitochondrial DNA is the norm 
in animals, but using interspeci- 
fic mouse backcrosses and PCR 
techniques, Gyllensten et al. are 
abie to show that sperm contri- 
bute approximately 1/1,000 of 
the total mitochondrial DNA to 
the zygote. Page 255. 

Alzheimer model 

Transgenic mice into which the 
gene encoding a putative patho- 
logical isoform of the p-amyloid 
protein has been introduced de- 
velop lesions resembling those 
seen in human Alzheimer's dis- 
ease. Page 239. 

Natural selection 

Synthesis gas, a mixture of hy- 
drogen and carbon monoxide, is 
the starting material for the in- 
dustrial preparation of many 
organic compounds. A new 
strategy for converting natural 
gas to synthesis gas offers the 
prospect of a synthesis route 
with some engineering advan- 
tages. Page 225. 

Speech recognition 

Cochlear implants can give pro- 
foundly deaf subjects some 
hearing ability by converting 
sound into direct electrical stim- 
ulation of the auditory nerve. A 
new processing strategy gives a 
significant improvement in the 
ability of subjects with cochlear 
implants to recognize speech. 
Page 236. 
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oscnsc 1220) were used for the i nitial a mplification, and 
K3 5'-TAGAACGATTCGCAGTTAAT (gag sense 
913) and K7 5'-CCrGGATGTrCTGCACTATA (gag 
anrisensc 1207) were used for the nested amplification. 
The transferred produa was probed with a fragment of 
pHXB2D (nucleotides 631 to 1258) labeled with 
decoyaocnosine triphosphate, deojrycytidine triphos- 
phate, and deoxyguanidine triphosphate by the random 
priming method co a specific acrivityof 1.14 x lO^cpm 
per milligram of DNA. 
32 Suppo^ by PHS program projects NS-27405, 
NS- 11037, and CA-45690, and a grant from the W. 
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Deposits of Amyloid p Protein in the Central 
Nervous System of Transgenic Mice 



D O Wirak,* R. Bayney, T. V. Ramabhadran^ R. P- Fracasso, 
J. T. Hart, P. E. Hauer, P. Hsiau, S. K. Pekar, G. A. Scangos, 
B. D. Tra pp, A. J. Unterbeck^ 

Alzheimer's disease is characterized by widespread deposition of amyloid in the central 
nervous system. The 4-kilodalton amyloid p protein is derived from a larger amyloid 
precursor protein and forms amyloid deposits in the brain by an unknown pathological 
mechanism. Except for aged nonhuman primates, there is no animal model for 
Alzheimer's disease. Transgenic mice expressing amyloid p protein in the brain could 
provide such a model. To investigate this possibility, the 4-kilodalton human amyloid 
P protein was expressed under the control of the promoter of the human amyloid 
precursor protein in two lines of transgenic mice. Amyloid P protein accumulated in 
the dendrites of some but not all hippocampal neurons in 1-year-old transgenic mice. 
Aggregates of the amyloid p protein formed amyloid-like fibrils that are similar in 
appearance to those in the brains of patients with Alzheimer's disease. 



ACCUMULATION OF AMYLOID (3 PRO- 
tein is a characteristic and diagnostic 
feature of brains from individuals 
with Alzheimer's disease (AD) and Down 
syndrome (DS) (1). The 4-kD amyloid p 
protein is a truncated form of a larger amy- 
loid precusor protein (APP), which has fea- 
tures typical of a cell surface integral mem- 
brane glycoprotein (2). At least five different 
APP isoforms containing 563, 695, 714, 
751, and 770 amino acids (3) can be gener- 
ated by alternative splicing of primary tran- 
scripts of a single gene on chromosome 21 
(J). The 40- to 42-amino acid P protein 
segment comprises half of the transmem- 
brane domain and the first 28 amino acids of 
the extracellular domain of APP (2), and is 
encoded within two exons (4). 
The mechanism by which the amyloid p 
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protein is derived from its precursor is not 
known. APP is processed in vitro by a 
proteolytic cleavage within the amyloid p 
protein region (5). Generation of the amy- 
loid p protein, therefore, involves an alter- 
native processing pathway, possibly as a 
result of post- trans la tional modifications 
such as phosphorylation (6*). 

Although the deposition of amyloid ap- 
pears to be an early event in the progression 
of AD (7), its role in neurodegenerative 
processes remains unknown. Amyloid p 
protein can be neurotrophic for undifferen- 
tiated hippocampal neurons in culture and, 
at high concentrations, neurotoxic to differ- 
entiated neurons (S). Mutant forms of APP 
have been implicated in hereditary cerebral 
hemorrhage with amyloidosis of Dutch or- 
igin (9) and in at least two families with 
familial forms of AD (10). In addition, 
ovcrexprcssion of one or more forms of APP 
may be responsible for the AD -like pathol- 
ogies of individuals with DS (it). These 
findings suggest that accumulation of amy- 
loid p protein may be a critical step in the 
neurodegenerative processes of AD. 

The lack of experimental animal models 
for AD has limited the elucidation of the 
mechanism of amyloid formation and its 
role in the pathogenesis of AD. Nonhuman 
primates provide the only in vivo model for 



investigating amyloid formation in the cen- 
tral nervous system- (CNS) (12). The high 
cost and limited availability of aged pri- 
mates, however, restricts their use as practi- 
cal model systems. Transgenic rodent mod- 
els may provide a useful alternative. The 
expression of native or mutant forms of APP 
in transgenic mice may help to identify aber- 
rant APP processing pathways that lead to the 
accumulation of amyloid p protein and clarify 
the role of amyloid p protein in neuronal 
degeneration. We therefore initiated a series 
of experiments to express various forms of 
APP in the brain of transgenic mice. 

We have introduced into mice a construct 
that encodes the 42-amino acid amyloid p 
protein, regulated by a 4.5-kb fragment 
from the 5' region of the human APP gene 
(Fig. 1). This APP regulatory region directs 
neuron-specific expression of the reporter 
gene lac Z from Escherichia coli in the CNS 
of transgenic mice in a pattern that is similar 
to the pattern of endogenous mouse and 
human APP rnRNA expression (13). 

Two lines of transgenic mice, AE101 and 
AE301, expressed human amyloid p protein 
rnRNA in the brain (Fig. 2) and transmitted 
the rxansgene in a Mendelian fashion. Steady- 
state amounts of the transgene rnRNA were 
lower than steady-state amounts of the en- 
dogenous mouse APP rnRNA In both trans- 
genic lines, however, human amyloid p pro- 
tein was synthesized and accumulated in the 
CNS of 1-year-old mice (Fig. 3). 

We examined immunocytochemical and 
ultras tructural features of brains from sever- 
al Fl generation transgenic mice from lines 
AE101 and AE301 at approximately 1 year 
of age. When sections of brain from 1-year- 
old control mice were stained with antibod- 
ies to the amyloid P protein (14), no 
immunore activity was detected (15). In con- 
trast, sections of brain from transgenic mice 
showed amyloid p protein immunoreactiv- 
ity (Fig. 3). Amyloid p protein staining was 
located predominantly in the hippocampus, 
where it appeared as clusters of dots that 
were symmetrically distributed on both 
sides of the brain. Within the hippocampus, 
amyloid P protein irnmunoreactivity was 
most prominent in the molecular layer of 
CA1 and CA2; only occasional amyloid P 
protein-positive clusters were detected in 
CA3 regions of the hippocampus and den- 
tate gyrus. Amyloid p protein was not de- 
tected in cerebral cortex. We found similar 
patterns of amyloid p protein irnmunoreac- 
tivity in four Fl generation mice from both 
transgenic lines by four different amyloid P 
protein-specific rabbit polyclonal antibodies 
(15). Occasional clusters of amyloid p pro- 
tein irnmunoreactivity were found in other 
regions of the CNS but not in a consistent 
pattern. Amyloid p protein immunoreactiv- 
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Not I APP promoter 
PMTV2318 



Fig. 1. Schematic repre- 
sentation of the -7.7-kb 
Not I restriction frag- 
ment from pMTI-2318 
(18) used to generate 
transgenic mouse lines 
AE101 andAE301 (19). 
A4, amyloid 0 protein; 
B, Bgl H; BH, Bam HI 
E, Eco RI; H, Hind m 
N, Not I; S, Sph I; BH/ 
B, Bam HI-Bgl II fu- 
sion; and E/H or H/E> Hind III-Eco RI fusion. 
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ity was also associated with some but not all 
blood vessels in transgenic mice (Fig. 3). 

Regions of hippocampus from transgenic 
and control mice were processed for electron 
microscopy (16). Ultrastructural correlates of 
the clustered dots of amyloid 0 protein 
immunoreacdvity were present only in trans- 
genic mice and consisted of intracellular accu- 
mulations of fibril-laden material (Fig. 4A) that 
resembled amyloid in brains from patients with 
AD. The cellular processes containing this 
amyloid-like material appeared distended, and 
some contained rough endoplasmic reticulum 
(Fig. 4B, arrows) and free ribosomes but not 
intermediate filament bundles (indicative of 
astrocytes), suggesting that they were den- 
drites. Amyloid-like deposits have not been 
detected in myelinated axons, although their 
presence in unmyelinated axons cannot be ex- 
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Fig. 2. SI nuclease protection analysis of total 
RNA from normal and transgenic AE301 (Fl) 
brain (20), The protected fragment sizes of the 
human (transgenic) and endogenous mouse APP 
oligonucleotide probes are 70 and 50 nucleotides 
(nt), respectively. Lane 1, human (oligo 29, 80 
nt) and mouse (oligo 30, 60 nt) APP probes; lane 
2, 1-nt DNA ladder; lane 3, normal mouse brain 
RNA; lane 4, Hela ceil RNA; and lane 5, AE301 
brain RNA, AE101, data not shown. 
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eluded. Ultrathin cryosections of transgenic 
mice hippocampus were also stained with an- 
tibodies to amyloid 0 protein and immunogold 
procedures. Gold particles in these electron 
micrographs were selectively enriched over the 
abnormal amyloid-like fibrils (15). 

Our results illustrate that human amyloid 
0 protein can accumulate in the CNS of 
transgenic mice and form amyloid-like pro- 
files. This accumulation occurred despite 
low steady-state levels of amyloid 0 protein 
mRNA. Amyloid 0 protein deposits in post- 
mortem brains from individuals with AD 
and DS are extracellular, whereas the amy- 
loid 0 protein deposits in the 1 -year-old 
transgenic mice are intracellular. Intracellu- 
lar amyloid 0 protein immunoreactivity has 
also been observed in mouse hippocampal 
trisomy 16 grafts, a mouse model for DS 
(77). Although the source of extracellular 
amyloid 0 protein in AD is unknown, it is 
likely that at least a proportion of amyloid 0 
protein has intracellular origins. 
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Rg. 3. Amyloid $ protein distribution in a par- 
affin section from the hippocampus of a 1 -year- 
old AE101 transgenic mouse that was photo- 
graphed before (A) and after (B) hematoxylin 
counterstaining. Arrowheads, amyloid 0 protein 
deposits around blood vessels; and P, pyramidal 
cell layer of hippocampus. Scale bar: 200 jim. 




Rg. 4. Electron micrographs of Epon sections 
from the hippocampal GA1 region of a 1 -year-old 
AE101 transgenic mouse. (A) Amyloid-like de- 
posits are densely stained by uranyl acetate and 
lead citrate (arrowheads). (B) Fibrils (arrow- 
heads) and profiles of rough endoplasmic reticu- 
lum (arrows) are associated with amyloid-like 
deposits. Scale bars: (A) 1.0 pm; (B) 0.5 u.m. 

The APP promoter is active in most neu- 
rons in the mouse CNS (13). The accumu- 
lation of amyloid 0 protein in the transgenic 
mice, however, is restricted primarily to the 
hippocampus. These data raise the possibility 
that amyloid 0 protein expression alone is not 
sufficient to produce amyloid-like accumula- 
tions. Although amyloid 0 protein— positive 
processes have not yet been traced to cellular 
perikarya, it is likely that many are dendrites 
of neurons concentrated in hippocampal re- 
gions CA1 and CA2. The accumulation of 
amyloid 0 protein in the CNS of these trans- 
genic mice appears to be developmental^ 
regulated, as it is not significant before 6 
months of age ( 15). The late onset of amyloid 
0 protein accumulation suggests that either 
the steady-state concentration of amyloid 0 
protein increases with age or that factors in 
addition to amyloid 0 protein expression 
participate in amyloid deposition. 

Evidence of neuronal cell death, early 
signs of neuronal degeneration, or obvious 
signs of CNS dysfunction have not been 
detected in transgenic mice at 1 year of age. 
Older mice will be examined for behavioral 
and neuropathological changes associated 
with amyloid 0 protein accumulation. The 
introduction of gene constructs encoding 
native and mutant forms of APP into trans- 
genic mice should allow elucidation of the 
cellular and molecular mechanisms involved 
in CNS amyloidosis. 
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A IS AN AUTOIMMUNE DISEASE 

characterized by long-term inflam- 
mation of multiple joints. Mononu- 



clear cell infiltration of the synovial mem- 
brane eventually can lead to the destruction 
of articular cartilage and surrounding struc- 
tures. Because of its high frequency and 
potentially severe nature, this disease is a 
major cause of long-term disability in adults. 
Although the pathogenesis of RA and other 
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similar autoimmune diseases remains un- 
known, genetic and environmental factors 
have been implicated. Several lines of evi- 
dence suggest that T cells specific for self- 
antigens may play a critical role in the 
initiation of these diseases. In the case of 
RA, the linkage of the disease to the DR4 
and DR1 alleles of the class II genes of the 
major histocompatibility complex (MHC) 
and the finding of sometimes oligoclonal, 
activated CD4 + T cells in synovial fluid and 
tissue of affected joints (J, 2) suggest the 
involvement of CD4 + , a(3 T cell receptor 
(TCR)-bearing, class Il-restricted T cells in 
the disease. This view is supported by the 
rinding that partial elimination or inhibition 
of T cells by a variety of techniques can lead 
to an amelioration of disease jjj certain pa- 
tients (5). 

Usually, potentially autoreactive T cells 
are deleted or inactivated by encounter with 
self-antigen during their development, be- 
fore they can damage the individual (4, 5). 
To understand autoimmunity one must 
therefore understand how self-reactive T 
cells escape these processes to become part 
of the mature T cell pool and what factors 
control whether these cells will remain qui- 
escent or become activated to induce au- 
toimmune disease. It is possible that a self- 



Evidence for the Effects of a Superantigen in 
Rheumatoid Arthritis 
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While studying the T cell receptor repertoire in rheumatoid arthritis (RA) patients, 
we found that the frequency- of V p 14 + T cells was significantly higher in the synovial 
fluid of affected joints than in the peripheral blood. In fact, V p 14 + T cells were 
virtually undetectable in the peripheral blood of a majority of these RA patients, 
p-chain sequences indicated that one or a few clones dominated the V p 14 + population 
in the synovial fluid of individual RA patients, whereas oligoclonality was less marked 
for other Vp's and for V p 14 in other types of inflammatory arthritis. These results 
implicate V p 14-bearing T cells in the pathology of RA. They also suggest that the 
etiology of RA may involve initial activation of V p 14 + T cells by a V p 14-specific 
superantigen with subsequent recruitment of a few activated autoreactive V p 14 + T cell 
clones to the joints while the majority of other V ft 14 + T cells disappear. 
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Deposition of 0/A4 immunoreactivity and neuronal pathology in 
transgenic mice expressing the carboxyl-terminal fragment of 
the Alzheimer amyloid precursor in the brain 
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Marta Orteg6n*, Carl Cotman*, Jeffry L. Vaught*§, and Rachael L. Neve*HII 
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Communicated by Richard F. Thompson, July 7, J 992 

ABSTRACT The deposition of amyloid in senile plaques 
and along the walls of the cerebral vasculature is a character- 
istic feature of Alzheimer disease. The peptide comprising the 
carboxyl-terminal 100 amino acids of the 0-amyloid precursor 
protein Q3APP) has been shown to aggregate into amyloid-like 
fibrils in vitro and to be neurotoxic, suggesting that this 
fragment may play a role in the etiology of Alzheimer disease. 
To address this question, we expressed this carboxyl-terminal 
100 -amino acid peptide of /3APP in transgenic mice under the 
control of the brain dystrophin promoter. We used an antibody 
to the principal component of amyloid, f$/A4, to demonstrate 
cell-body and neuropil accumulation of fi/ A4 immunoreactiv- 
ity in the brains of 4- and 6 -month-old transgenic mice. Only 
light cytoplasmic staining with this antibody was visible in 
control mice. In addition, immunocytochemical analysis of the 
brains with an antibody to the carboxyl terminus of /3APP 
revealed abnormal aggregation of this epitope of /3APP within 
vesicular structures in the cytoplasm and in abnormal- 
appearing neurites in the CA2/3 region of the hippocampus in 
transgenic mice, similar to its aggregation in the cells of 
Alzheimer disease brains. Thioflavin S histochemistry sug- 
gested accumulations of amyloid in the cerebrovasculature of 
transgenic mice with the highest expression of the /3APP-C100 
transgene. These observations suggest that expression of ab- 
normal carboxyl-terminal subfragments of /JAPP in vivo may 
cause amyloidogenesis and specific neuropathology. 

Alzheimer disease (AD) is a neurodegenerative disorder 
characterized by progressive loss of memory and declining 
cognitive function beginning in late life. A prominent feature 
of AD neuropathology is the deposition of amyloid in senile 
plaques and along the walls of the cerebrovasculature. The 
peptide fragment termed /3/A4 (39-43 amino acids; refs. 1 
and 2) is the principal constituent of the amyloid deposits, 
although plaques contain numerous other components. The 
/3-amyloid protein precursor (/3APP), from which 0/A4 is 
derived, is a transmembrane protein in which the P/A4 
peptide spans the border between the extracellular domain 
and the transmembrane region (3, 4). Normal cleavage of 
/JAPP in the secretory pathway occurs at the P/A4 Lys 16 - 
Leu 17 peptide bond (5). Recent data, however, have revealed 
that multiple )8/A4-containing carboxyl-terminal fragments 
of 0APP are also produced in the brain, via the endosomal- 
lysosomal system (6). 

Additional evidence has implicated at least one of these 
fragments, the carboxyl-terminal 100 amino acids of jSAPP, in 
the development of AD neuropathology. This fragment, 
which spans the 0/A4 and cytoplasmic domains, is amy- 
loidogenic (7-9) and neurotoxic both in vitro (10, 11) and in 
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vivo (12). To test the hypothesis that this neurotoxic fragment 
may play a role both in amyloidogenesis and in the develop- 
ment of the progressive neuropathology of AD, we intro- 
duced into mice a transgene carrying the sequence for the 
carboxyl-terminal 104 amino acids of /3APP 03APP-C1O4) 
under control of the brain dystrophin promoter (13). Both 
founders and Fi transgenic progeny manifested (0 accumu- 
lation of /3/A4 immunoreactive material in neuronal cell 
bodies and (/7) a subcellular shift of immunoreactivity for the 
carboxyl terminus of 0APP from its normal distribution 
throughout the cell soma to aggregates in the cytoplasm and 
the neuropil in the hippocampus. Mice in three of the nine 
lines examined, with the most robust transgene expression in 
the brain, displayed accumulation of 0/A4 immunoreactivity 
in abnormal-appearing neurites, as well as thioflavin S-fluo- 
rescent deposits in the cerebrovasculature. These neuropath- 
ological features were not seen in control mice. 

METHODS 

Production of Transgenic Mice. The Bgl ll-Sma I fragment 
of the 0APP-695 cDNA [base pairs (bp) 1769-2959] was 
cloned into a modified form of plasmid pRSV in which the 
Rous sarcoma virus promoter was replaced with the dystro- 
phin neural promoter (13). The /3APP-C104 transgene, to- 
gether with the upstream dystrophin promoter and the down- 
stream simian virus 40 splice and polyadenylylation se- 
quences, was excised from plasmid sequences by digestion 
with Mlu I and BamRl and was microinjected into the 
pronuclei of fertilized eggs from F 2 hybrid mice (C57BL/6 x 
SJL) at the National Transgenic Development Facility 
(DNX, Princeton, NJ). The injected mouse eggs were reim- 
planted into pseudopregnant recipient females. 

Immunochemical and Histologic Analysis of Transgenic and 
Control Mice. Fourteen Fi backcross progeny from six dif- 
ferent founder lines (ages, 3.5-4 months) and founders only 
from three additional lines (ages, 6 months) were analyzed 
histologically. We also analyzed 8 age-matched C57BL/6 and 
SJL controls. All 22 mice were subjected to each immuno- 
cytochemical and histological analysis. 

El-42 immunocytochemistry on mouse and human sec- 
tions and F5 immunocytochemistry on human sections were 
carried out as described by Cummings e t at. (14). F5 and F8 
immunocytochemistry on mouse brains was carried out as 
described by Neve et al (12). AH comparisons of transgenic 
and control mice were made using tissue processed in parallel 
and developed with diaminobenzidine for equivalent periods 
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^Present address: Cephalon, Inc., West Chester, PA 19380. 
^Present address: Molecular Neurogenetics Laboratory, McLean 
Hospital, Belmont, MA 02178. 
tiTo whom reprint requests should be addressed. 



10857 



10858 Neurobiology: Kammesheidt et al. 



Proc. Natl. Acad. Set USA 89 (1992) 



Founder 2 



Founder 9 



Hind IH Bglll Smal/Sall BamHI 

v i i 



Dystrophin Neural Promoter 



(JAPP-C104 SV40 
Pofy(A) 
Signal 





Fig. 1. (A) Schematic of the brain dystrophin promoter-0APP- 
C104 fusion transgene. SV40, simian virus 40. (B) Southern blot 
analysis of selected transgenic lines. 

of time. Sections incubated in parallel without El-42, F5, or 
F8 primary antibody failed to develop any staining. 

Sections subjected to thioflavin S histochemistry were 
incubated for 20 min in 1:1 absolute ethanol/chlorpform and 
then rinsed three times for 1 min in 95% ethanol, 3 min in 70% 
ethanol, 3 min in 50% ethanol, and 3 min in water. Sections 
were then incubated for 4 min with 1% (wt/yol) thioflavin S 
(Sigma) in water and differentiated in 80% ethanol. 

RESULTS 

Characterization of Transgenic Mice Carrying the 0APP- 
C104 cDNA Under Control of the Dystrophin Brain Promoter. 

We anticipated that the low level of transcripts controlled by 
the dystrophin brain promoter might be important in allowing 
survival of 0APP-C1O4 transgenic mice beyond the embry- 
onic stage. Hence, a 4.65-kilobase (kb) DNA fragment con- 
taining a dystrophin brain promoter-/} APP-C 104 fusion gene 
with the simian virus 40 early-region splice and polyadenyl- 
ylation sequences (Fig. 1A) was isolated and microinjected 
into the male pronuclei of fertilized eggs from F2 hybrid mice 



-320 bp 



Fig. 2. Predominant brain expression of the 0APP-C1O4 trans- 
gene is revealed by reverse transcription-PCR. Hybridization of a 
radiolabeled interior oligonucleotide to a Southern blot of the am- 
plification products from four tissue RNAs in two of the transgenic 
lines is shown. 

(C57BL/6 x SJL). PCR analysis of tail DNA from 36 
offspring revealed that 12 of the mice were positive for the 
transgene; 10 survived for further analysis. We used South- 
ern blot analysis to estimate the transgene copy number in 
ftomHI-digested DNA from each founder line (representative 
lanes are shown in Fig. IB). Positively hybridizing bands 
exceeded 20 kb in all founder lines, indicating incorporation 
of the transgene into the mouse genome (BamHI does not 
cleave within the transgene). Copy number of the transgene 
ranged from 1 (line 4) to >20 (lines 2, 7, and 11). Seven 
founder mice produced transgenic offspring in crosses with 
normal C57BL/6 mice, and Southern blot analysis of selected 
Fi and F 2 progeny showed that the transgenic DNA was 
inherited with no observable rearrangements or changes in 
copy number (data not shown). 

Expression of the 0 APP-C 104 Transgene Predominantly in 
the Brain. We analyzed RNA from brain, skeletal muscle, 
heart, and liver of Fi transgenic progeny from six founders at 
the age of 4 months and from the three founder mice that did 
not produce offspring when they reached the age of 6 months. 
Reverse transcription was coupled with PCR as described 
(15) to amplify a 320-bp segment of the transgene RNA (Fig. 
2) and revealed that predominant expression of the transgene 
occurred in the brain. Highest expression was seen in lines 2, 
3, 4, and 7. Although the transgene was transcribed at low 
levels in other tissues in some of the lines, in all transgenic 




Fig. 3. (A and B) El-42 immunoreactivity in the hippocampus of a transgenic mouse (A), compared with that of a control mouse (B). While 
low-level staining of cell bodies in the pyramidal cell layer and in additional scattered cells is seen in the control mouse (£), darker punctate 
accumulations of El-42 immunoreactivity in the pyramidal cell layer (A , arrow) and throughout the hippocampus (A) are unique to the transgenic 
mice. Higher magnifications of the punctate intracellular deposits of El-42 immunoreactivity in transgenic animals are shown in Fig. 4. (C and 
D) El-42 immunoreactivity in the parietal cortex of a transgenic mouse (C) and a control mouse (/>). Differences in El-42 immunoreactivity 
between transgenic and control mice in the parietal cortex are much less pronounced than in the hippocampus. Preabsorption of the El-42 
antibody with 30 ftg of peptide per /rl of antibody resulted in absence of staining (Insets). (Bars = 100 /im.) 
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Fig. 4. High-power depictions of the punctate intracellular de- 
posits of El -42 immunoreactivity in transgenic mouse (A and C), and 
comparison with control (B and D). Note the darkly staining intra- 
cellular aggregates of E 1-42 immunoreactivity in the hippocampus of 
transgenic mouse (A, arrowheads); increased magnification of one of 
these aggregates is shown in C. In contrast, El-42 immunoreactivity 
appears as pale homogeneous cytoplasmic staining in some hippo- 
cam pal neurons (B, arrowheads); a more-strongly stained neuron is 
shown at higher power in D. Note the lack of punctate accumulations 
of El-42 immunoreactivity in these cells. (Bars = 10 ftm.) 

animals its expression was ^10 times higher in brain than in 
any other tissue examined. 

Analysis of 0/A4 Immunoreactivity in the Brains of the 
Transgenic Mice. We used an affinity-purified polyclonal 
antibody, El-42, raised against a peptide representing the 
42-amino acid )8/A4 fragment, to detect 0/A4 epitopes in the 
transgenic mouse brains. This antibody does not immuno- 
stain normal /JAPP in the human brain but is specific for 
amyloid cores in the neuritic plaques, as well as diffuse 
amyloid deposits that are not detectable by conventional 
histological stains for amyloid, such as thioflavin S (14). 
Immunostaining of control mouse brains with El-42 was 
slightly different from that of control human brains, in that it 
showed very pale homogeneous staining of cell bodies in all 
noritransgenic mice (Fig. 3B; Fig. 4 B and D). In contrast, 
immunostaining of the brains of 4-month-old Fi transgenic 
mice from six lines, and of three 6-month-old founder mice, 
revealed abnormal intraneurohal /3/A4 immunoreactivity 
throughout the brain in all of the transgenic mice. The 
strongest El-42 immunopositive cells, however, predomi- 
nated in the hippocampus [Fig. 3A; compare with El-42 
immunoreactivity in the parietal cortex, which is very similar 
between transgenic (Fig. 3C) and control (Fig. 3D) animals]. 
Preabsorption of the El-42 antibody with the )3/A4 peptide 
resulted in loss of specific staining (Insets, Fig. 3 C and D). 
In most cases, the El-42 immunoreactivity occurred as 
punctate deposits within neurons that had a rounded, com- 
pact appearance (Fig. 4 A and C). The intracellular accumu- 
lation of /3/A4 immunoreactivity was particularly prominent 
within the hilus (Fig. 5), and close examination of the El-42 
staining in this region showed that the immunoreactivity 
extended beyond the cell body, with punctate deposits visible 
in some processes (Fig. 5B). Deposits of /3/A4 immunoreac- 
tivity were not visible in the hilus of control animals (Fig. 5C) 
and did not resemble the age-associated inclusions in normal 
and transgenic C57BL/6J mice that are occasional immuno- 
cytochemical artifacts (16). 

Transgenic mice of lines 2, 3, and 7, with the most robust 
transgene expression in the brain, displayed punctate accu- 
mulations of 0/A4 immunoreactivity in short, somewhat 
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Fig. 5. El-42 immunoreactivity in the hilus of a transgenic mouse 
(A and £), compared with that of a control mouse (C). This region 
of the hippocampus possessed the highest density of cells with 
intracellular 0/A4 immunoreactive deposits (A); punctate deposits 
are also visible in the neuropil (£). An enlargement of the field 
outlined in A is depicted in B. A comparable enlargement of the hilar 
field of a control animal is depicted in C. (Bars = 100 pirn.) 

curly, abnormal-appearing fibers that were apparent in the 
stratum radiatum of the CA2/3 region of the hippocampus 
(Fig. 6), similar to the accumulations shown in Fig. 5 in the 
hilus. The emergence of El-42 immunoreactivity in the 
neuropil may represent a later stage of amyloid deposition or 
pathology than that seen in the cell soma, since it was 




Fig. 6. El-42 immunoreactivity in the neuropil at the CA2/3 
boundary in a transgenic mouse with a high copy number of the 
transgene. Punctate 0/A4 deposits have virtually disappeared from 
cell bodies of this region in this mouse and are instead found 
accumulated in curly dystrophic-appearing fibers throughout the 
area (A). A greater magnification of a sector of the region displayed 
in A is shown in B. (Bar in A = 100 pm; bar in B = 10 fim.) 
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Fio. 7. F5 immunostaining of transgenic (A) and control (£) animals at the CA2/3 boundary in the hippocampus. Note that the F5 epitope 
(the carboxyl terminus of 0APP) has accumulated in punctate vesicular structures within the cell somata and has collected in the neuropil in 
the transgenic animal. (Bars = 10 fim.) 



confined to those mouse lines with the highest transgene 
expression and was never seen in controls. 

Subcellular Shift of the 0APP Carboxyl Terminus. Previous 
work showed that immunoreactivity for the carboxyUerminal 
epitope of 0AFP segregated into enlarged intracellular organ- 
elles in the hippocampus in AD (17) and highlighted neuropil 
aberrations in the hippocampus of mice transplanted with 
transfected PC12 cells expressing 0APP-C1O4 (12). We de- 
tected a similar phenomenon in the transgenic mice. Staining 
of the brain sections with F5, an antibody to the carboxyl- 
terminaJ 9 amino acids of 0APP (17), showed a striking change 
in the subcellular localization of the F5 epitope, which was 
particularly evident in the CA2/3 region of the hippocampus 
in transgenic mice. Whereas control mice displayed homoge- 
neous F5 staining predominantly of the neuronal somata in this 
region (Fig. IB), the F5 immunoreactivity in the transgenic 
mice took on a punctate appearance in the cell somata (Fig. 
7A). This punctate staining, which often extended markedly 
into the neuronal processes, was also revealed with an inde- 
pendent antibody to the carboxyl terminus of 0APP (F8; data 
not shown). Adjacent Nissl-stained sections did not reveal 
detectable gross morphological abnormalities in the area of 
altered F5 staining, suggesting that the intracellular disorga- 
nization of the F5 epitope does not reflect cell body degener- 
ation in transgenic mice of this age. 



In mice from lines 2, 3, and 7, with highest transgene 
expression in the brain, the cells in the hippocampal region 
showed particularly dense reaction product in the neuropil, 
and the F5 reactivity in the soma took the form of larger 
accumulations, as if the punctate vesicular immunoreactive 
material was fusing or aggregating (Fig. 8 A). The distribution 
of the F5 immunoreactivity in these cells was very similar to 
its distribution in CA1 hippocampal neurons in human AD 
brains (Fig. 8C and ref. 17) relative to controls (Fig. 8£>). The 
similarity in the appearance of the punctate cell-body F5 
immunoreactivity in transgenic animals and in AD individu- 
als in the hippocampus is marked (Fig. 8 A and C), and is 
suggestive of an early stage of pathology. 

Cerebrovascular Staining of Transgenic Mice with Thioflavin 
S. The mice from lines 2, 3, and 7, with the highest brain 
expression of the transgene, displayed thioflavin S fluores- 
cence associated with blood vessels (Fig. 9), which we also 
observed in AD brains stained with thioflavin S. This fluores- 
cence suggested that amyloid had accumulated in or around 
the cerebral blood vessels of these transgenic animals. 

DISCUSSION 

We have shown that expression of £APP-C104 in the brains 
of transgenic mice can lead to the deposition of intracellular 




Fig. 8. (A and C) Cytoplasmic accumulations of the F5 epitope in hippocampal pyramidal cells of a transgenic mouse and a human AD brain 
« lOfSi ) ^ D) F5 immunostaining of hippocampal pyramidal cells in a control mouse and a control human brain, respectively. (Bars 
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Fig. 9. (A) Thioflavin S fluorescence around blood vessels in the 
hippocampus of a transgenic mouse from line 2. (B) Thioflavin 
S-positive structures correlate with blood vessels as shown with 
Nomarsky optics (arrowheads). (Bars = 100 pm.) 

P/A4 immunoreactivity and cerebrovascular amyloid, as 
well as early neuronal pathology as manifested by abnormal 
intracellular accumulations of the carboxyl-terminal epitope 
of /JAPP, some of which occurred in dystrophic-appearing 
neurites. Interestingly, Quon et al (18) also detected abnor- 
mal neurites with punctate accumulations of P/A4 immuno- 
reactivity in transgenic mice overexpressing /3APP-751. 

Previous work has shown that the enlarged intracellular 
organelles into which the F5 immunoreactivity segregates in 
AD, similar to those we observed in the transgenic mice, are 
probably fused lysosomes (17). The dense F5 immunostain- 
ing in these enlarged organelles was particularly prominent in 
regions of the hippocampus that were heavily invested with 
pathology, such as CA1, in which the heavy staining of the 
pyramidal cells was accompanied by atrophy of many of 
these cells (18). Although Nissl and Bielschowsky stains did 
not reveal gross neuronal death in any of the transgenic 
brains, it is possible that accumulation of the F5 epitope in 
enlarged lysosomes may presage neuronal degeneration. 

We do not know whether the F5 immunoreactivity that 
aggregates into cellular compartments in the transgenic mice 
reflects the presence of only the carboxyl terminus of 0APP 
in the swollen organelles or also the larger precursor protein. 
An antibody to protease nexin II (the extracellular secreted 
portion of 0APP) detects enlarged punctate accumulations of 
£APP within degenerating neurons and dystrophic neurites, 
as well as within plaques, in AD brain (14). These observa- 
tions suggest that the compartmentalization of 0APP, pre- 
sumably into lysosomes, during the disease process is not 
limited to the carboxyl terminus of the molecule. These data, 
coupled with those of Cataldo and Nixon (19), Joachim et al 
(20), and Golde et al (6), also imply that the generation of 
amyloid deposits is not exclusively an extracellular process 
and may in fact begin within the neuron. 

Thioflavin S-positive material was observed in the cere- 
brovasculature of three of the transgenic animals. This ma- 
terial was not immunoreactive with El-42, which is consis- 
tent with the failure of this antibody to detect thioflavin 
S-positive cerebrovascular amyloid in AD brain. During the 
analyses of the 0APP-C1O4 transgenic mice, we tested five 
additional 0/A4 antibodies, all of which stained plaque 
amyloid in AD brain and punctate intracellular deposits in the 
transgenic mice without staining cerebrovascular amyloid in 
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either AD brain or the mouse brains. Recent data (21) indicate 
that there are conformational differences in 0/A4 derived 
from plaque and cerebrovascular amyloid, respectively. 
Moreover, thioflavin S is a stain that defines the structure 
termed amyloid, which includes the deposits found in various 
peripheral amyloidoses as well as those detected in cerebral 
amyloideses (22). While 0/A4 is the principal component of 
amyloid in AD, other molecules contribute in varying degrees 
to the formation of this thioflavin S-positive structure and 
may constitute a relatively large percentage of this structure 
in the cerebrovasculature of the transgenic mice. 

These 0APP-C1O4 mice may provide a model for dissecting 
the molecular events that lead to the accumulation of amyloid 
and possibly neurodegeneration in AD brain and may be 
useful for developing therapeutic agents that can halt or 
reverse these processes. 
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FIG. 4 J.R.'s attempts to cancel the local components of a predrawn 
figure (a); to reproduce the figure (o); and to draw the figure and then 
cancel its local components (c). 

even when focal attention cannot be automatically directed to 
local components on the left of a global figure. J.R.'s neglect is 
thus neither purely perceptual nor purely motor; it rather arises 
from an input-deficit to a 'premotor' mechanism 10 committed to 
the exogenous control of focal attention. Lesions that 'disrupt 
the cross-talk between inferior posterior areas* can reduce or 
eliminate interactions between global and local processing*. 
Whether this disruption in J.R. is due solely to her right hemi- 
sphere lesion (or also implicates her left thalamic infarct) is 
unclear. One further problem remains: why is J.R. unaware of 
the discrepancy between her global percepts and local actions? 
The process of local completion can mask perceptual incongruity 
but cannot then control appropriate manual output. J.R. can 
perceive the whole forest but cannot use that percept to search 
for and cut down the trees on the left thereof □ 
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Alzheimer's disease (AD) is the most common cause of progress- 
ive intellectual failure in aged humans. AD brains contain numer- 
ous amyloid plaques surrounded by dystrophic neurites, and show 
profound synaptic loss, neurofibrillary tangle formation and 
gliosis. The amyloid plaques are composed of amyloid ^-peptide 
(AP), a 40-42-amino-atid fragment of the p-amyloid precursor 
protein (APP) 1 . A primary pathogenic role for APP/Ap is sug- 
gested by missense mutations in APP that are tightly linked to 
autosomal dominant forms of AD 2 * 3 . A major obstacle to elucidat- 
ing and treating AD has been the lack of an animal model. Animals 
transgenic for APP have previously failed to show extensive AD- 
type neuropathology 4-10 , but we now report the production of 
transgenic mice that express high levels of human mutant APP 
(with valine at residue 717 substituted by phenylalanine) and which 
progressively develop many of the pathological hallmarks of AD, 
including numerous extracellular thioflavin S-posxtive Ap deposits, 
neuritic plaques, synaptic loss, astrocytosis and microgliosis. These 
mice support a primary role for APP/Ap in the genesis of AD 
and could provide a preclinical model for testing therapeutic drugs. 

Transgenic mice were generated using a platelet-derived 
growth factor (PDGF)-/J promoter 11 driving a human APP 
(hAPP) minigene encoding the APP 7 itv->f mutation associated 
with familial AD ]Z (PD-APP; Fig. la). The construct contained 
APP introns 6-8, allowing alternative splicing of exons 7 and 8, 

J Present addresses: Department of Biology ant} Biotechnology, Worcester Polytechnic Institute, 
100 institute Road, Worcester, MA 01609, USA (OA); G enzyme Corporation, One Mountain 
Road, Framingham, MA 01701, USA (P.B.); University of Massachusetts, Department of Veterin- 
arian end Animal Sciences, Amherst MA 01003, USA (C.B.); Molecular Therapeutics Inc, 400 
Morgan Lane, West Haven, CT 06516, USA (T.D.); Transfcaryotic Therapies Inc., 195 Albany 
Street. Cambridge, MA 02139, USA (F.G-): Joint Program in Neonatology, Children's Hospital, 
Enders, Rm 950, 300 Longwootf Avenue, Boston, MA 02115, USA [SM.y, Imovk Laboratories 
Inc., 510 East 73 Street New York, NY 10022. USA (Pjjt Alteon lnc„ 170 Williams Drive, 
Ramsey, NJ 07446, USA (M.M.-Z.); Millennium Pharmaceuticals inc, 640 Memorial Drive, Cam- 
bridge, MA 02139, USA (J.V.). 
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Fig. l analysis of app expression in 
brain tissue of pd-app transgenic 
mice, a, Map of the APP construct 
(PD-APP) minigene used to generate 
transgenic mice (not to scale). The 
construct contains the PDGF /J-chain 
promoter, full-length hAPP cDNA 
encoding the Vakto-Phe mutation at 
codon 717, and the inclusion of gen- 
omic sequences for hAPP introns 
6-a 6, RT-PCR analysis demon- 
strates the presence of transcripts 
encoding the 695, 751 and 770 iso- 
forms of hAPP In transgenic animal 
brains (+) but not in brains from non- 
transgenic Irttermates (-). Control 
reactions using human brain RNA (H) 
as well as cONA clones encoding 
hAPP 695, 751 or 770 are also 
shown. M, Markers (calibration in 
bp), c, Immunoblot analysis of total 
APP expression (human and mouse) 
In transgenic mouse (+) and control 
littermate (-) brain tissue using a C- 
terminal APP antibody, <*6. d. 
Human-specific APP expression in 
brain tissue from a 6-month-ofd non- 
transgenic littermate (iane 1), trans- 
genic mouse (lane 2) or human AD 
cortex (lane 3) using immunoblotting 
with the human-specific APP anti- 
body 8E5. e, Immunoprecipitation and immunoblot analysis of Ap from 
the brain tissue of a 9-month-old non-transgenic littermate (lane 1) and 
a 9-month-ofd transgenic mouse (lane 2). 

METHODS. The PDGF £-chain 5' flanking sequence included 1.3 kb 
upstream of the transcription initiation site and -70 bp of 5' untrans- 
lated region, ending at the Aur\\ site 10 , the 0-APP sequences were 
derived from human /J-APP cDNA starting with the Nrv\ site in exon 1 
through to the end of exon 6 and from the beginning of exon 9 through 
to exon 18, including the 3' untranslated sequence ending at the Sph\ 
site, and from human genomic sequences from exons 6-9, including 
all intervening introns. To introduce the familial AD mutation at position 
717, Vai was mutated to Phe (G to T, using the P-Sefect mutagenesis 
kit; Promega). The late SV40 polyadenylatlon signal was provided by 
the 240-bp SamHI to Bc/i fragment Plasmid sequences (pUC) were 
removed by Sacl and Wotl digestion before microinjection. Transgenic 
mice were generated using standard techniques 1 *, except that POAPP 
DMA was microinjected into the embryos at the two-cell stage. Seven 
founder mice were generated and line 109 was used for extensive 
analysis. RNA was isolated from brain tissue as described 20 and sub- 
jected to RT-PCR as described 31 using human-specrfic APP primers (5'- 
CCGATGATGACGAGGACGAT-3', 5-TGAACACGT6ACGAGGCCGA-3') with 



109 
M'- - + + u 

M r (K) |M^ltp## 

ii6- mmm^^ 



66 - 



p-peotfde Familial AD mutation 




SV40-poly(A) 



t f 1911 OQUU U17U 



a?- 

271 - 




H(K) 

200* 




46.0 m 



30.0* 




sir 




the following PCR conditions: 40 cycles of 1 min at 94 °C, 40 s at 60 °C, 
50 s at 72 X. The identities of the human APP RT-PCR bands from the 
transgenic mouse RNA were verified by subcloning and sequencing. 
Analysis of hoJo-APP involved brain homogenlzation in 10 volumes of 
PBS containing 0.5 mM EDTA, 10 ml" 1 leupeptin and 1 mM PMSF. 
Samples were spun at 12,000£ for 10 min and the pellets resuspended 
in RIPA (150 mM NaCI, 50 mM Tris, pH 8.0, 20 mM EDTA, 1.0% deoxy- 
cholate, 1.0% Triton X-100, 0.1% SDS, ImM PMSF and lOugml" 1 
leupeptin (d)). Samples (each containing 30 ng total protein) were 
analysed by SDS-PAGE, transferred to Immobifon and reacted with 
either the hok^APP antibody, cr6 (ref. 22), or8E5 monoclonal antibody. 
8E5 was prepared against a bacterial fusion protein encompassing 
hAPP residues 444-592 (ref. 22) and is human-specific showing essen- 
tially no crossreactfvrty against mouse APP (d, lane 1). For immunoblot 
analysis of Ap (e), a 9-month-old mouse brain was homogenized In 
5 ml 6 M guanidine Ha, 50 mM Tris, pH 7.5. The homogenate was 
centrifuged at 100,000g for 15 min and the supernatant was dialysed 
against H 2 0 overnight adjusted to PBS with 1 mM PMSF and 25 ng ml" 1 
leupeptin. This material was immunoprecipated with antibody 266 
resin, and immunoblotted with the human-specrfic Ap- antibody, 6C6, 
as described 15 . 



We used only heterozygous animals. Southern analysis of 104 
from four generations showed that ~40 copies of the transgene 
were inserted at a single site and transmitted in a stable manner 
(data not shown). Human APP messenger RNA was produced 
in several tissues of the transgenic mouse, but at especially high 
levels in brain (not shown). RNase protection assays revealed 
^ 18-fold more APP expression in the brains of line 109 animals 
than in most previously described lines expressing neuron-speci- 
fic enolase (NSE)-promoter-driven APP transgeties (not shown; 
refs 4, 8-10). In addition, the three major splicing variants of 
hAPP mRNA (695, 751, 770)' were expressed in the transgenic 
mice, as evidenced by reverse-transcriptase polymerase chain 
reaction (RT-PCR) (Fig. 16). Immunoblot analysis of brain 
homogenates using either a holo-APP polyclonal antibody or a 
human-specific APP monoclonal antibody revealed hAPP over- 
expression in the transgenic mouse at levels ^ 1 0-fold higher than 
either endogenous mouse APP levels (Fig. lc, d) or those in AD 
brain (Fig. Id). Using human-specific Ap antibodies, we isolated 
a 4K A^-immunorcactive peptide from the brains of the trans- 
genic animals, which corresponds to the relative molecular mass 
of AP (Fig. U). Brain levels of AP were at least 10-fold higher 



in line- 109 animals than in the previously described hAPP trans- 
genic mice (not shown; ref. 9). Finally, embryonic day-16 
cortical cell cultures from transgenic animals constitutively 
secreted human A/?, including a substantial fraction of Ap 1- 
42 (SngmF 1 total AP; O^ngmT 1 Afi 1-42), as detected in 
media by human-specific Ap enzyme-linked immunosorbent 
assays (not shown; refs 9 and 13). Thus, line-109 animals greatly 
overexpressed human APP mRNA, holo-APP and Ap in their 
brains. 

Brains from 18 transgenic animals and 12 age-matched non- 
transgenic littermate controls (4-13 months old) representing 
three generations of the line-109 pedigree were extensively exam- 
ined histopathologicaUy. Between 4-6 months of age (n=7), no 
obvious pathology was detected; however, at ~6-9 months of 
age (n = 7), transgenic animals began to exhibit deposits of 
human Ap in the hippocampus, corpus callosum and cerebral 
cortex, but not in other brain regions. These increased with age, 
and by eight months many deposits (30-200 \itn) were seen (Fig- 
2a). As the animals aged (2*9 months; w=4), the density of 
the plaques increased (Fig: 2c) until the Abstaining pattern 
resembled that of AD (Fig. 2a, inset). Robust pathology was 
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FIG. 2 Demonstration of AD-tike amyloid plaques In 
pD-APP transgenic mice. Human and mouse brain 
sections were labelled with antiserum R1280 gener- 
ated against synthetic human Ap 1-40 peptide. H, 
Hippocampus; C, cortex; CC, corpus callosum; OML 
outer molecular layer of the dentate gyrus; F, hippo- 
campal fissure. Coronal sections of the hippocampus 
and neocortex from a, an 8-month-old transgenic 
mouse containing A/? deposits (arrows), and o, a non- 
transgenlc Irttermate. inset In a, human tissue from 
AD frontal cortex stained with R1280. Adjacent paras- 
aggltal sections from a 13-month-oJd transgenic 
mouse before (c) and after (d) preincubation of the 
antibody with synthetic Ap 1-40 peptide. In c, the 
large increase in A/? was confined to the cortex and 
hippocampus. Several regions of the hippocampus 
contained densely packed A/?, intruding the terminal 
zone of the perforant pathway In the outer molecular 
layer of the dentate gyrus (arrowheads). Boxed areas 
1 and 2 are shown at higher magnification in e and f, 
respectively. Scale bars in a-o\ 200 jim. in e, the outer 
molecular layer of the dentate gyrus contained areas 
of compacted and diffuse (asterisk) plaques. The edge 
of the granule cell layer is visible at the bottom, in f, 
a field of Ap deposits In the occipital cortex. Scale 
bars in e and f, 40 um. 

METHODS. Mouse brains were removed and placed 
In Trojanowski's fixative 23 for 48h before paraffin 
embedding. 6-um coronal or parasaggital sections 
from transgenic and non-transgenic mice were placed 
adjacent to each other on pory-L-lyslne coated slides. 
Sections were deparaffinized, rehydrated, and treated 
with 0.03% H 2 0 2 for 30 min before overnight incuba- 
tion at 4°C with a 1:1,000 dilution of the Ap antibody, R1280 (ref. 
24). For absorption studies, synthetic human Ap 1-40 peptide 2 * in 
10% aqueous dimethylsulphoxide was added to a final concentration 
of 7.0 nM to the diluted antibody and Incubated for 2 h at 37 °C. The 
diluent was applied to the sections and processed under the same 




conditions as the standard antibody solution. Peroxidase rabbit IgG kit 
(Vector Labs) was then used as recommended, with 3,3'-diaminobenzi- 
dine (DAB) as the chromagen. Similarly fixed human AD brain was pro- 
cessed simultaneously under identical conditions. 



FIG. 3 Morphological diversity of Ap 

deposition in the PD-APP mouse brain. 

Roughly spherical (a), and wispy, irregular 

deposits (b), labelled with antibody 9204 

(A/il-5; ref. 26) specific for the free N ter- 
minus of Ap. c, Ap core and surround 

labelled with antibody 277-2, specific for 

the C terminus of A/ll-42. d. Astrocytic 

gliosis (arrow) associated with Ap deposi- 
tion was evident after double immunolab- 

elling with antibodies to glial fibrillary 

acidic protein (GFAP, red) and human Ap 

{Ap 1-5; brown), e, Ap deposits were also 

reactive with thioflavin S. A compacted Ap 

core and 'halo' is evident in the large 

plaque. The fine background fluorescence 

represents autofluorescent Jipofuscin 

granules. Scale bars, 50 um. 

METHODS. For a-c, immunochemistry 

was performed as described for Fig. 2. 

Antibody 9204 (to A/Jl-5) was used at 

a concentration of 7.0 jig ml" 1 . Antibody 

277-2, specific for A01-42 (apparent 
affinity for A/Ji-42 = 75 nM versus 

>10nM for A^l-40 by radioimmuno- 
assay competition), was prepared by 
fmmunizing New Zealand white rabbits 
with the peptide cysteine-amlnoheptanoic 
acid-A/?33-42 conjugated to cationized 
BSA ('Super Carriers*; Pierce) using a typ- 
ical immunization protocol (500 ng per 
injection). Specific antibodies were affin- 
ity-purified from serum against the Immu- 
nogen immobilized on agarose beads. Before incubation with 277-2 
(10 ug ml" 1 ) sections were treated for 1-2 min with 80% formic acid. 
In c, the antibody 9204 was reacted using the peroxidase rabbit IgG 
kit (Vector Labs). The product was then visualized with DAB, and the 
sections were incubated overnight at 4°C with a 1:500 dilution of 
Polyclonal anti-GFAP (Sigma). The GFAP antibody was reacted using 
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the alkaline phosphatase anti-rabbit IgG kit and alkaline phosphatase 
substrate kit I, (Vector Labs; used according to the manufacturer's 
recommendations). Sections were stained with thioflavin S using stan- 
dard procedures 27 and viewed with ultraviolet light through an FfTC filter 
of maximum wavelength 440 nm. 
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RG. 4 Laser scanning confocal images 
of human and 8-month-okJ transgenic 
mouse brains, demonstrating the rela- 
tionship of extracellular cortical Afi 
deposit to dystrophic neurites and neur- 
opil abnormalities, as well as the reduc- 
tion of synaptic density and dendrites 
in the transgenic hippocampus. An Afi 
deposit and adjacent neuropil in an 8- 
month-old transgenic mouse brain are 
ateo shown in an electron micrograph. 
In both human (a) and mouse (b) brains, 
A/7 deposits (red) were associated with 
distorted neurites (DN) containing syn- 
aptophysin (green). Yellow signifies 
overlap of the two markers, b, Ap immu- 
noreactive plaque in a transgenic 
mouse brain containing a central amy- 
loid core (AC); synaptic loss (arrowhead) 
and compression (open arrows) of the 
neuropil surrounding the amyloid depo- 
sit are also evident c, Aft deposit (red) 
in a transgenic mouse brain associated 
with morphologically abnormal hAPP- 
posltive neurites (green). The magn- 
ification for a~g is indicated by the scale 
bar in c (20 urn). Both synaptophysin 
(red) and microtubule-assodated pro- 
tein-2 (MAP-2; green) immunostaining 
were reduced throughout the molecular 
layer of the hippocampai dentate gyrus fn the transgenic mouse (e.g) 
compared to the norHransgenic littermate (d, f ). h t Immunoelectron 
micrograph of a transgenic mouse brain demonstrating extracellular A0 
deposition (A) decorated with the human-specific R1280 Aj9 antiserum 
(outlined by arrows). A dystrophic neurite (DN) in the immediate vicinity 
of the Ap deposit contained abundant large mitochondria (M) and lami- 
nar dense bodies (LB). Scale bar, 2 

METHODS. 40-nm-thfck vibratome sections were incubated overnight 
at 4 °C with the following antibodies: R1280 (1:1,000) in combination 
with polyclonal anti-synaptophysin in a and b (1:150; Dako) or 8E5 In 
c (T-Ongmr 1 ; described in Fig. 1). For d-g, sections were Incubated 
with anti-synaptophysin or monoclonal anti-MAP 2 (1:20, 8oehringer- 
Mannheim), and reacted with a goat anti-rabbit biotfnyfated antibody 
(1:100) followed by a mixture of FITC-conjugated horse anti-mouse 




MAP2 
Hippocampus 



IgG (1:75) and avidin D Texas red (1:100) (Vector Labs). The double- 
immunolabelled sections were viewed on a Zeiss Axiovert 35 micro- 
scope with attached laser confocal scanning system MRC 600 (Bio- 
Rad). The Texas red channel collected images of the R1280 (a, b, c) or 
synaptophysin (o\ e) labelling, and the FITC channel collected synapto- 
physin (a, b>, 8E5 (c), or MAP 2 ( f, g) labelling. Optical z-sections 0.5 jim 
in thickness were collected from each region; details of similar image 
processing and storage are described In ref. 28. For immunoelectron 
microscopy, mice were perfused with saline followed by 2.0% para- 
formaldehyde and 1.0% glutaraldehyde in cacodylate buffer. 40-um- 
thick vibratome sections were incubated with R1280, and reacted as 
in Fig 2. Immunotabefled sections with Ap deposits were then fixed in 
1.0% ammonium tetraoxide and embedded in epon/araldfte before 
viewing ultrathin sections with a Jeof CX100 electron microscope 29 . 



also seen in another transgenic line generated from the PD- 
APP vector (line 35; data not shown). Ap deposits of varying 
morphology clearly were evident as a result of using a variety 
of A/? antibodies, including well characterized human-specific 
Afi antibodies (Figs 2, 3) and antibodies specific for the free 
amino and carboxy termini of Afi 1-42 (Fig. 3a-c). Serial sec- 
tions demonstrated many plaques were positively stained with 
both of the latter antibodies. The forms of the Afi deposition 
ranged from diffuse irregular types to compacted plaques with 
cores (Fig. 3). Non-transgenic littermates (Fig. 2b) showed none 
of these neuropathologies! changes. Immunostaining was fully 
absorbable with the relevant synthetic peptide (Fig. 2d), and 
was apparent using a variety of processing conditions, including 
fixation with paraformaldehyde and Trojanowski methods (Figs 
2, 3). Many plaques were stained with thioflavin S (Fig. 3e), and 
some were also stained using the Bielschowsky silver method 
and were birefringent with Congo red (not shown), indicating 
the true amyloid nature of these deposits. Confirmation of the 
presence of extracellular Aft was obtained using immunoelectron 
microscopy (Fig. Ah). The majority of plaques were intimately 
surrounded by GFAP-positive reactive astrocytes (Fig. 3d) y 
similar to the gliosis found in AD plaques. The neocortices of 
the transgenic mice contained diffusely activated microglial cells, 
as defined by their amoeboid appearance and shortened pro- 
cesses (not shown). Preliminary attempts to identify neurofibril- 
lary tangles with tau antibodies were negative, consistent with 
their well known absence in rodent tissues' 4 Nevertheless, clear 
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evidence for neuritic pathology was apparent using both conven- 
tional and confocal immunomicroscopy. Many Afi plaques were 
closely associated with distorted neurites that could be detected 
with hAPP-specific antibodies (Fig. 4c) and with anti-synapto- 
physin antibodies (Fig. 4b), suggesting that these neurites were 
derived in part from axbnal sprouts, as observed in the AD brain 
(Fig 4a). The plaques compressed and distorted the surrounding 
neuropil (Fig. 4b), also as in the AD brain (Fig. 4a). Finally, 
synaptic and dendritic density were reduced in the molecular 
layer of the hippocampai dentate gyrus of the transgenic mice. 
This was evident by reduced immunostaining for the presynaptic 
marker synaptophysin (compare Fig. 4d and e) and the dendritic 
marker MAP-2 (compare Fig. 4/ and g) 9 as described in AD 
brain 15 . 

Several transgenic rodent lines have been produced that 
express either the hAPP gene or hAPP complementary DNAs 
regulated by a variety of promoters 4 * 30 . In particular, NSE- 
driven APP 75I transgenic mice 910 have sparse Afi deposits which 
are more typical of early AD and young Down's syndrome cases ; 
in these mice, unlike ours, mature lesions such as frequent com- 
pacted plaques, neuritic dystrophy and extensive gliosis were 
very rare 10 . Our success in generating AD-like pathology consist- 
ently in these transgenic mice is probably due to the construct 
used and the high level of hAPP expression. The transgene con- 
tains a splicing cassette that permits expression of all three major 
hAPP isoforms. Expression is driven by the PDGF-/? promoter, 
which is known to target expression preferentially to neurons 
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of the cortex, hippocampus, hypothalamus and cerebellum of 
transgenic animals' 1 . The familial AD mutation at residue 717 12 
may be important as it partially shifts production of Aft from 
the 40-amino-acid form to the more amyloidogenic 42-residue 
peptide known to predominate in plaques 16,17 . Preparation of 
APP transgenic mice independently harbouring each of these 
features will be required to identify the essential component(s) 
that result in pathology. 

The most notable feature of these transgenic mice is their 
Alzheimer-like neuropathology, which includes extracellular Afi 
deposition, dystrophic neuritic components, gliosis and loss of 
synaptic density with regional specificity resembling that of AD. 
Based on the limited sampling to date, plaque density appears to 
increase with age in these transgenic mice, as it does in humans 1 , 
implying a progressive A8 deposition that exceeds its clearance, 
as also proposed for AD 1 . Our transgenic model provides strong 
new evidence for the primacy of APP expression and A/? deposi- 
tion in AD neuropathology and offers a means to test whether 
compounds that lower Af$ production and/or reduce its neuro- 
toxicity in vitro can produce beneficial effects in an animal model 
prior to advancing such drugs into human trials. □ 
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Gating of the voltage- 
dependent chloride channel 
CIC-0 by the permeant anion 

Michael Pusch, Uwe Ludewig, Annett RehfeJdt* & 
Thomas L Jeirtschf 

Centre for Molecular Neurobiology (ZMNH), Hamburg University, 
Martrnistrasse 52, D-20246 Hamburg, Germany 

Chloride channels of the C1C family axe important for the control 
of membrane excitability 1 " 3 , cell volume regulation 4 * 5 , and possibly 
transepithelial transport 6 * 7 . Although lacking the typical voltage- 
sensor found in cation channels*"" 0 , gating of C1C channels is 
clearly voltage-dependent. For the prototype Torpedo channel 
QC-0 (refc 11-15) we now show that channel opening is strongly 
facilitated by external chloride. Other less permeable anions can 
substitute for chloride with less efficiency. C1C-0 conductance 
shows an anomalous mole fraction behaviour with C1~/N0 3 " 
mixtures, suggesting a multi-ion pore. Gating shows a similar 
anomalous behaviour, tightly linking permeation to gating. Elimi- 
nating a positive charge at the cytoplasmic end of domain D12 
changes kinetics, concentration dependence and halide selectivity 
of gating, and alters pore properties such as ion selectivity, 
single-channel conductance and rectification. Taken together, our 
results strongly suggest that in these channels voltage-dependent 
gating is conferred by the permeating ion itself, acting as the gating 
charge. 

The Torpedo electric organ Cl'-channel (ref. 12) has a 
'slow' gate operating on both protochannels of the double-bar- 
relled channel 13 - 14 simultaneously, and a 'fast' gate acting on 
single protochannels 13 " 15 . Both gates have opposite voltage- 
dependence, with the fast gate being opened by depolarization. 

* Deceased. 

t To whom correspondence should be addressed. 
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dC-0 was expressed in Xenopus oocytes and the fast gate was 
studied in isolation (Fig. \a). The dependence of the steady-state 
open probability, p open , on the transmembrane voltage V can be 
described by the Boltzmann distribution p op<t ^\/ 
(l+exp(z n e 0 (V l/2 -V)/kT)) (where e 0 is the elementary 
charge, V l/2 is the voltage of half-maximal activation, k is the 
Boltzmann constant, and T is the temperature) with a nominal 
gating charge z n ~ 1 in agreement with earlier data 1314 . Consist- 
ent with single-channel measurements 13 ' 14 , gating kinetics indi- 
cate a two-state gating mechanism. Reducing extracellular CP 
concentration ([Cl~] 0 ) shifts p G ^{V) to positive voltages 
without significantly changing its slope (the gating charge) (Fig. 
lb). In contrast, intracellular chloride has little effect (Fig. lc). 
A dependence of CIC-0 microscopic gating transitions on the 
CI" -gradient has already been noted ,s . 

The dependence of gating on [CT]o could be due to a simple 
mechanism in which channel opening depends on chloride 
binding to a site within the pore; p opcn should then increase with 
[CT]o and with positive intracellular potentials. Intracellular 
chloride has little effect on gating, because it cannot reach its 
binding site in the closed state. 

The simplest model assumes that chloride-binding to a single 
site in the pore is required for channel opening 10 . Although it 
may serve as a first approximation to our data, the shift of 
Popcn with [CT]o is -20% less than minimally predicted 10 . This 
suggests that this model is either principally urisuited to explain 
CIC-0 gating, or that it needs further refinement. 

The pores of many channels, including certain chloride 
channels 16 , can accommodate more than one ion, leading to 
concentration-dependent interactions within the pore. In a 
single-ion pore, conductance changes monotonously when the 
concentration ratio between two permeant ionic species is 
varied; in a multi-ion pore, however, interactions between 
different species can lead to a current minimum at a certain 
concentration ratio, an 'anomalous mole fraction 
behaviour ,,6J7 . We indeed found this effect with mixtures of CI" 
and NOr (Fig. 2b), indicating that QC-0 has a multi-ion pore. 
Thus, a model having a single chloride-binding site 10 may be too 
simplistic. 
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•4 The lack of an animal model has 
been hampered research into the 
pathogenesis of Alzheimer's dis- 
ease. Previous efforts to transfer 
the human fj-amyloid precursor pro- 
tein (APP) into mice have failed to 
produce the characteristic amyloid 
plaque pathology, but the mice 
described on page 523 express high 
levels of a mutant APP, display amy- 
loid plaques, and develop many 
other signs characteristic of 
Alzheimer's. Cover shows confocal 
Image of plaque with reactive gliosis. 
See News and Views page 476. 
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ABSTRACT The PDAPP transgenic mouse, which over- 
expresses human amyloid precursor protein (APP717V-»F), 
has been shown to develop much of the pathology associated 
with Alzheimer disease. In this report, levels of APP and its 
amyloidogenic metabolites were measured in brain regions of 
transgenic mice between 4 and 18 months of age. While 
absolute levels of APP expression likely contribute to the rate 
of amyloid /3-peptide (Aj3) deposition, regionally specific 
factors also seem important, as homozygotic mice express 
APP levels in pathologically unaffected regions in excess of 
that measured in certain amyloid plaque-prone regions of 
heterozygotic mice. Regional levels of APP and APP-/3 were 
nearly constant at all ages, while A/3 levels dramatically and 
predictably increased in brain regions undergoing histochem- 
ically confirmed amyloidosis, most notably in the cortex and 
hippocampus. In hippocampus, Aj3 concentrations increase 
17-fold between the ages of 4 and 8 months, and by 18 months 
of age are over 500-fold that at 4 months, reaching an average 
level in excess of 20 nmol of Aj3 per g of tissue. Aj3i_ 4 2 
constitutes the vast majority of the depositing A/3 species. The 
similarities observed between the PDAPP mouse and human 
Alzheimer disease with regard to A/3 42 deposition occurring in 
a temporally and regionally specific fashion further validate 
the use of the model in understanding processes related to the 
disease. 



In the Alzheimer disease (AD) brain, region-specific amyloid 
jS-peptide (A|8) amyloidosis is a key pathological feature and 
is accompanied by astrogliosis, microgliosis, cytoskeletal 
changes, and synaptic loss. These pathological alterations are 
thought to be linked to the cognitive decline that clinically 
defines the disease (1). AD primarily afflicts the elderly, 
although genetic mutations in the amyloid precursor protein 
(APP) gene have been described that accelerate the disease 
process and lower the average age of onset by decades, further 
supporting a fundamental role for this protein in the disease 
(2-5). Many questions remain about the spatial-temporal 
sequence of neuropathological events, particularly what fac- 
tors are responsible for the selective vulnerability of certain 
brain regions to amyloidosis. Candidate mechanisms include 
constitutive increased production of A/3 in vulnerable areas, 
age-related changes in expression of APP and production of 
A/3, and inherent differences in the ability of different brain 
regions to clear or catabolize Aj3. These fundamental issues 
are not easily addressed in human subjects. 

Similar neuropathology to that seen in human AD brain has 
been demonstrated in a transgenic mouse generated using a 
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platelet-derived growth factor J3 promoter driving a human 
APP minigene (6) and possessing the familial AD mutation 
V^F at APP position 717 (4) (PDAPP). These animals 
express high levels of APP and Aft but more importantly they 
exhibit profuse Aj3 amyloidosis, which, in an age- and brain 
region-specific manner, morphologically resembles that seen 
in AD. In addition, these mice develop marked astrogliosis, 
microgliosis, cytoskeletal changes, and synaptic loss. They 
offer the opportunity to examine the biological events leading 
to amyloidosis and synaptic loss and provide an effective 
animal model to test for therapeutic agents that have the ability 
to retard or interfere in these pathological processes. 

In this report, we quantitatively assess the profile of a 
number of APP-derived protein species in different brain 
regions at various ages in these PDAPP transgenic mice. This 
is addressed through the use of enzyme-linked immunoassays 
(ELISAs) configured with antibodies specific to A0, A/3i-42, 
APP cleaved at the /3-secretase site (7), and APP containing 
the first 12 aa of A/3 [i.e., a-secretase-cleaved (8) and full- 
length (FL) APP]. These biochemical measurements were 
then compared with the regional distribution of amyloid 
plaques visualized immunohistochemically. The results suggest 
that age, Aj3 production levels, and brain region-specific 
factors all likely play critical roles in amyloid deposition in the 
PDAPP mouse. Striking similarities in both the regional 
distribution and depositing form of A/3 are noted between the 
mouse model and the human AD condition. Because of the 
magnitude and temporal predictability of AjS deposition, the 
PDAPP mouse is a practical model in which to test agents that 
either inhibit the processing of APP to Aj3 or retard AjS 
amyloidosis. 

MATERIALS AND METHODS 

Transgenic Animals. The founder of PDAPP line 109 was 
produced on a Swiss Webster X B^Fi (C57B1/6 x DBA/2) 
background (all strains from Taconic Farms) and bred for 
three generations with animals of the same background. 
Generation 3 was bred with B6D 2 Fi. Generation 4 was bred 
with Swiss Webster to produce the outbred heterozygous 
animals used for these experiments, except where noted. 
Generation 4 heterozygous animals were bred together to 
obtain a homozygous animal colony. Generation 4 animals 
were also bred with C57B1/6 (The Jackson Laboratory) for five 
generations to produce a line with a more inbred background. 
Gross effects on longevity have not been observed in the 
transgenic lines compared with littermate controls. 

Brain Tissue Preparation. The heterozygote transgenic (6, 
9) and nontransgenic littermate animals were perfused intra- 
cardially with ice-cold 0.9% saline. The brain was removed and 
one hemisphere was prepared for immunohistochemical anal- 
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ysis, while three brain regions (cerebellum, hippocampus, and 
cortex) were dissected from the other hemisphere and used for 
A/3 and APP measurements. For comparative studies of 
homozygous and heterozygous animals, an additional sample 
enriched in thalamic matter was dissected. 

Tissue for ELISAs was homogenized in 10 volumes of 
ice-cold guanidine buffer (5.0 M guanidine-HCl/50 mM 
TrisCl, pH 8.0). The homogenates were mixed for 3 to 4 hr at 
room temperature (RT), then either assayed or stored at 
-20°C before quantitation of Aj3 and APP. Preliminary 
experiments showed the analytes were stable to this storage 
condition and that synthetic Aj3 peptide (Bachem) could be 
quantitatively recovered when spiked into littermate control 
brain tissue homogenates (data not shown). 

Ap Measurements. The brain homogenates were further 
diluted 1:10 with ice-cold casein buffer (0.25% casein/0.05% 
sodium azide/20 /Ag/ml aprotinin/5 mM EDTA, pH 8.0/10 
u-g/ml leupeptin in PBS) before centrifugation (16,000 X g for 
20 min at 4°C). The A/3 standards (1-40 or 1-42 aa) were 
prepared such that the final composition included 0.5 M 
guanidine in the presence of 0.1% bovine serum albumin 
(BSA). 

The "total" Aj3 sandwich ELISA consists of the capture 
antibody 266, which is specific to amino acids 13-28 of A/3 (10), 
and the biotinylated reporter antibody 3D6, which is specific to 
amino acids 1-5 of A/3. The 3D6 antibody does not recognize 
secreted APP or APP-FL but detects only Aj3 species with 
amino-terminal aspartic acid. The assay has a lower limit of 
sensitivity of ^50 pg/ml (11 pM) and showed no crossreac- 
tivity to the endogenous murine Aj3 peptide at concentrations 
up to 1 ng/ml (data not shown). 

The configuration of the A/3i_ 42 -specific sandwich ELISA 
employs the capture antibody mAb 21F12 (Ap 3 ^4 2 ). Biotin- 
ylated 3D6 is also the reporter antibody in this assay, which has 
a lower limit of sensitivity of «*125 pg/ml (28 pM; data not 
shown). An Aj3 x _ 4 2 sandwich ELISA, using 266 as the capture 
antibody and biotinylated 21F12 as the reporter antibody, was 
used on a subset of brain homogenates. The low end sensitivity 
of this assay is ~250 pg/ml (56 pM; data not shown). 

The 266 and 21F12 mAbs were coated at 10 fxg/m\ into 
96-well immunoassay plates (Costar) overnight at RT. The 
plates were then aspirated and blocked with 0.25% human 
serum albumin in PBS buffer for at least 1 hr at RT, then stored 
dessicated at 4°C until use. The plates were rehydrated with 
wash buffer (0.05% Tween 20 in tris-buffered saline) before 
use. The samples and standards were added to the plates and 
incubated at RT for 1 hr. The plates were washed three or more 
times with wash buffer between each step of the assay. 

The biotinylated 3D6, diluted to 0.5 jig/ml in casein assay 
buffer (0.25% casein/0.05% Tween 20, pH 7.4, in PBS), was 
incubated in the wells for 1 hr at RT. Avidin- horseradish 
peroxidase (Vector Laboratories), diluted 1:4000 in casein 
assay buffer, was added to the wells for 1 hr at RT. The 
colorimetric substrate, Slow TMB-ELISA (Pierce), was added 
and allowed to react for 15 min, after which the enzymatic 
reaction was stopped with addition of 1 M H2SO4. Reaction 
product was quantified using a Molecular Devices Vmax 
spectrophotometer measuring the difference in absorbance at 
450 nm and 650 nm. 

APP ELISAs. Two different APP assays were used (see Fig. 
1). The first recognizes APP-a and APP-FL, while the second 
recognizes APP-/3 [APP ending at the methionine preceding 
the Aj3 domain (7)]. The capture antibody for both the 
APP-a/FL and APP-/3 assays is 8E5 (6). The reporter mAb 
(2H3) for the APP-a/FL assay was generated against amino 
acids 1-12 of A/3. The lower limit of sensitivity for the 
8E5/2H3 assay is ~11 ng/ml (150 pM). For the APP-/3 assay, 
the polyclonal antibody 192, specific to the carboxyl terminus 
of the /3-secretase cleavage site of APP (7), was used as the 



reporter. The lower limit of sensitivity of the 8E5/192 assay is 
~43 ng/ml (600 pM). 

For both APP assays, the 8E5.mAb was coated onto 96-well 
Costar plates as described above for 266. Purified recombinant 
secreted APP-a (the secreted form of APP 751) and APP596 
of the 695 form were the reference standards used for the 
APP-a/FL and APP-/3 assays, respectively (8). The 5 M 
guanidine brain homogenate samples were diluted 1:10 in 
specimen diluent for a final buffer composition of 0.5 M NaCl, 
0.1% Nonidet P-40, and 0.5 M guanidine. The APP standards 
and samples were added to the plate and incubated for 1.5 hr 
at RT. Biotinylated reporter antibodies 2H3 and 192 were 
incubated with samples for 1 hr at RT. Streptavidin-alkaline 
phosphatase (Boehringer Mannheim), diluted 1:1000 in spec- 
imen diluent, was incubated in the wells for 1 hr at RT. The 
fluorescent substrate 4-methyl-umbellipheryl-phosphate, was 
added, and the plates were read on a Cytof luor 2350 (Milli- 
pore) at 365 nm excitation and 450 nm emission. 

mAb Production. The immunogens for 3D6 (A/3i_5), 2H3 
(Aft_ 12 ), 2G3 (Aj3 33 _4o), 21F12 (Afo-42), and 12H7 (A/3 3 ^ 42 ) 
were separately conjugated to sheep anti-mouse immunoglob- 
ulin (Jackson ImmunoResearch). Mice were immunized and 
hybridomas were generated by standard methods. The hybrid- 
oma supernatants were screened for high-affinity mAbs by 
RIA as previously described (10). 

Antibodies 12H7 and 21F12 were demonstrated to show 
negligible crossreactivity (<0.4%) with A/3i_ 40 in either 
ELISA or competitive RIA Antibody 2G3 was similarly shown 
to be nonreactive with Aj3i_42. 

Immunohistochemistry. The tissue from one brain hemi- 
sphere of each mouse was drop-f ixed in 4% paraformaldehyde 
and postfixed for 3 days. The tissue was mounted coronally and 
40-/jim sections were collected using a vibratome. The sections 
were stored in antifreeze solution (30% glycerol/30% ethylene 
glycol in 40 mM NaP04) at -20°C before immunostaining. 
Every sixth section, from the posterior cortex through the 
hippocampus, was incubated with the appropriate biotinylated 
antibody (either 3D6, 2G3, or 12H7) at 4°C, overnight. The 
sections were then reacted with the horseradish peroxidase- 
avidin-biotin complex (Vector Laboratories) and developed 
using 3,3 / -diaminobenzidine (DAB) as the chromagen. 

RESULTS 

A/3 and APP Assays. Fig. 1 illustrates the recognition sites 
of antibodies used in the Aj3 and APP assays. The APP-a/FL 
assay recognizes secreted APP including the first 12 aa of A/3. 
Since the reporter antibody (2H3) is not specific to the a-clip 
site, occurring between A/3 amino acids 16 and 17 (8), this 
assay also recognizes APP-FL. Preliminary experiments using 
immobilized APP antibodies to the cytoplasmic tail of APP-FL 
to deplete brain homogenates of APP-FL suggest that ^30- 
40% of the APP-a/FL APP is APP-FL (data not shown). Due 
to the specificity of the polyclonal reporter antibody, the 
APP-/3 assay recognizes only the APP clipped immediately 
amino-terminal to A/3 (7). 

A/3 immunoreactivity was characterized by size exclusion 
chromatography (Superose 12, Pharmacia) of brain homoge- 
nates. Comparisons were made of 2-, 4-, and 12-month-old 
transgenic brain specimens as well as a 12-month-old non- 
transgenic mouse brain homogenate to which A/3i_4o had been 
spiked at a level roughly equal to that found in the 12-month- 
old transgenic mice. The elution profiles of the transgenic 
brain homogenates were similar in that the peak fractions of 
A/3 immunoreactivity occurred in the same position, a single 
broad symmetric peak that was coincident with the immuno- 
reactive peak of spiked Aj3i_4o. Attempts were then made to 
immunodeplete the A/3 immunoreactivity using resin-bound 
antibodies against A/3 (mAb 266 against Afr^), the secreted 
forms of APP (mAb 8E5 against APP444-592 of the 695 form), 
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Fig. 1. Immunoassays to forms of A/3 and APP described in the 
text. Immunoassays were prepared to measure APP-a/FL, APP-0 
(secreted APP ending at the methionine preceding the start of the A/3 
region), and total A0. Antibodies are mouse mAbs except 192, which 
is an affinity-purified rabbit polyclonal antibody. Antibodies 192 and 
21F12 are specific to fragments of APP and Aft respectively, with 
carboxyl termini as indicated. Antibody 3D6 is specific for A0i_5 and 
does not cross react with APP-a/FL. Methodologies used for the 
immunoassays are described in text. 

the carboxyl terminus of APP (mAb 13G8 APP 6 ?6-695 of the 
695 form), or heparin agarose. Only the 266 resin captured A/3 
immunoreactivity (data not shown), demonstrating that 
APP-FL or carboxyl-terminal fragments of APP are not 
contributing to the AjS measurement. The Afaz ELISA uses a 
capture antibody that recognizes Aj342 but not Aj3i_4o peptide. 
The A042 assay, like the total Aj3 assay, is not affected by the 
FL or carboxyl-terminal forms of APP containing A/3 in the 
homogenates as shown by similar immunodepletion studies 
(data not shown). 

Total A/J and APP Measurements. Fig. 2 shows the levels of 
total A/3, APP-a/FL, and APP-/3 in the hippocampus, cortex, 
and cerebellum of transgenic mice as a function of age. Each 
data point represents the mean value for each age group. The 
relative levels of APP-a/FL and APP-J3 in all three brain 
regions remain relatively constant over time. The hippocampus 
expresses the highest levels of both APP-a/FL and APP-/3 
followed by the cortex and cerebellum, respectively. The 
mean ± SD values of all ages for APP-a/FL and APP-j3 levels 
in the hippocampus are 720 ± 135 pmol/g and 171 ± 17 
pmol/g, respectively. In the hippocampus, the levels of APP- 
a/FL are approximately 3.5- to 6.0-fold higher than that of 
APP-J3 at all ages. Since APP-a/FL is 30-40% APP-FL (see 



above), we estimate the pool of brain APP to consist of ~50% 
APP-a, 30% APP-FL, and 20% APP-/3. 

Since there was a 1.6-fo!d increase of APP-a/FL in the 
hippocampus, which displays robust pathology, versus that of 
the comparatively unaffected cerebellum, we wanted to de- 
termine whether this modest increase of transgenic APP 
expression was the determinant of the regional pathology 
displayed in this transgenic line. Western blot analysis of APP 
transgene expression was performed on brain regions from 
either heterozygous or homozygous transgenic mice (Fig. 3), 
both of which show the same regional distribution of pathology 
(data not shown). There are higher levels of APP expression 
in the thalamus of the homozygous animal than in the hip- 
pocampus of the heterozygous animal; yet pathology in the 
hippocampus of heterozygotes is extensive with early onset, 
and the thalamus only displays a minor amount of pathology 
at later ages. Likewise, there are higher levels of transgene 
expression in the cerebellum of the homozygous animal, a 
largely unaffected region, than in the cortex of the heterozy- 
gous animal, a region with robust pathology. The same type of 
comparative analysis was performed on A/3 levels, determined 
by ELISA, in various brain regions of 2-month-old heterozy- 
gous and homozygous transgenic animals (Fig. 3). Although 
higher levels of A/3 are present in the susceptible brain regions 
than in unaffected regions in the heterozygotes, the A/3 levels 
in the thalamus of the homozygotes, which show only minimal 
pathology in older animals, is equivalent to that in the cortex 
of the heterozygotes, a region displaying robust pathology at an 
early age. 

In contrast to APP levels, A0 levels increase dramatically 
with age in the hippocampus and cortex, with the greatest 
increase in the hippocampus. No such increase was noted in the 
cerebellum of the PDAPP transgenic mice (Fig. 2). These 
region-specific increases of AjS correlate with the 3D6 immu- 
nohistochemical results (Fig. 4 and below). Compared with the 
levels of 4-month-old mice, A/3 levels increase 8-fold by 8 
months of age and 400-fold at 18 months of age in cortex 
(6330 ± 2310 pmol of AjS per g of tissue at age 18 months). The 
corresponding increases in Aj3 observed in hippocampus are 
even more impressive, as the 8-month value is 17 times that at 
4 months and increases to 500-fold at 18 months of age 
(20,800 ± 5250 pmol of A0 per g of tissue at 18 months). 

A/342 Measurements in Transgenic Mouse Brain. We next 
determined if, as in human AD subjects (11, 12), the depositing 
A0 is the longer A/3i_ 4 2 form by measuring the levels of A/3i- 4 2 
in the hippocampus and cortex of transgenic mice at different 
ages. As shown in Table 1, the increase in A/3 observed with 
age in the hippocampus and cortex of transgenic mice is due 
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Fig. 2. Age-dependent changes in brain AjS and APP levels in the PDAPP transgenic mice. PDAPP mice were sacrificed at the ages indicated 
and levels of A/3 (A), APP-0 (B) t and APP-a/FL (C) were determined in the cortex (o), hippocampus (O), and cerebellum (■) by ELISA. Values 
represent the means ± SD of 9-14 animals. 
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Fig. 3. Levels of APP and A|3 in brain regions of heterozygous and 
homozygous PDAPP transgenic mice. Two-month-old PDAPP mice 
were sacrificed, and the amount of APP-FL was measured by Western 
blot analysis using an APP carboxyl-terminal antibody (anti-6; ref. 6) 
in hippocampus, cortex, cerebellum, and thalamus of heterozygous 
and homozygous mice. Essentially similar results were obtained from 
Western blot analyses using other APP antibodies (human-specific 
8E5 and 2H3; data not shown). The amount of A/3 in these same 
regions from eight heterozygous and three homozygous 2-month-oId 
animals was determined by ELISA, and the average levels are listed. 

to Aj3i_ 42 . Aj3i_42 constituted 27% of the 17 pmol/g of the A/3 
present in the brains of young animals, this percentage in- 
creased to 89% of the 694 pmol/g in 12-month-old animals. 
Since the A/3 1 _ 42 -specific assay does not detect A/342 with a 
truncated or modified amino terminus, further analysis of the 
Aj3 4 2 species in the transgenic mice was performed. A subset 
(n = 4) of 12-month-old PDAPP transgenic mice cortical 
homogenates were quantitated in the sandwich ELISA mea- 
suring Aj3x_42 as well as the A/3i_ 42 -specific assay. Approxi- 
mately 90% of the A/3 42 is true Aj3i_ 4 2 and the remaining 10% 
begins somewhere other than the amino-terminal aspartic acid 
of A/3. 

A/3 Measurements in Outbred and Inbred Strains of 
PDAPP Transgenic Mice. The levels of total Afi in the 
hippocampus and cortex were compared between the outbred 
(n = 14) and inbred strains (n = 20) of PDAPP mice at 4 
months of age and found to be 15.95 ± 2.70 and 15.51 ± 1.72 
pmol/g of tissue in the cortical homogenates and 38.08 ± 6.76 
and 33.02 ± 4.56 pmol/g of tissue in the hippocampal homog- 
enates, respectively. Statistical analysis of the cortical and 
hippocampal A/3 measurements determined that there was not 
a significant difference in the interanimal variability between 
the two groups (data not shown). 

A/3 Immunohistochemistry in PDAPP Transgenic Brain. 
To correlate A/3 accumulation in brain as measured by 
ELISA with the deposition of A/3 into plaques as measured 
immunohistochemically, opposite hemispheres were sec- 
tioned and immunoreacted with 3D6. Fig. 4 illustrates the 
progression of A/3 deposition in 4-, 8-, 10-, 12-, 16-, and 
18-month-old animals, with A/3 measurements representa- 
tive of the mean value of their age group. At 4 months of age, 
transgenic brains contain small, rare, punctate deposits, **20 
fxm in diameter, that were only infrequently observed in the 
hippocampus as well as the frontal and cingulate cortex. By 
8 months of age, these regions contain a number of thiof la- 




Fig. 4. Age-dependent increases in A0 plaque burden in the 
PDAPP mouse. A/3 deposits in the opposite hemisphere of brains used 
for A/3 and APP EUSAs at 4 (A, arrow indicates deposit), 8 (B), 10 
(C), 12 (D), 16 (£), and 18 (F) months of age. Brains are shown from 
mice with Aj3 ELISA values that correspond to the mean of their age 
group. Deposition typically occurs in an age- and region-dependent 
manner, with early and heavy involvement of the frontal cortex (F) and 
hippocampus (H), while the underlying thalamus (T) is devoid of 
plaques. Arrows in D outline the outer molecular layer of the dentate 
gyrus, which contains terminals from the perforant pathway. [Bar (in 
F) = 500 ixm.] 



vin-positive Aj3 aggregates (data not shown) that form 
plaques as large as 150 /tm in diameter. At 10 months of age, 
many large A/3 deposits are found throughout the frontal and 
cingulate cortex and the molecular layers of the hippocam- 
pus. The outer molecular layer of the dentate gyrus receiving 
perforant pathway afferents from the entorhinal cortex is 
clearly heavily delineated by AJ3 deposition. This general 
pattern was more pronounced by heavier A/3 deposition at 1 
year of age, and by 18 months of age it involves most of the 
neocortex. Notably, a striking increase in A/3 plaque burden 
paralleled the rising A/3 levels (compare Figs. 2A and 4). 
Staining of sections with antibodies specific for A/342 (Fig. 
5A) and A/340 (Fig. 5B) indicates that amyloid plaques are 
primarily composed of A/3 42 , again paralleling the ELISA 
results. These findings strongly argue that the rise in brain 
A/342 concentration determined by ELISA is due to the 
age-dependent amyloidosis. 



Table 1. AB levels in the cortex of transgenic brain (pmol of AB 
per g of wet tissue) 



Age, 
months 


n 


Afii- 4 2 


Total AS 


% Afi 42 


4 


11 


4.7 ± 1.3 


17 ± 3.4 


27 


8 


13 


76 ±40 


112 ±64 


68 


10 


5 


247 ± 133 


248 ± 139 


99 


12 


9 


615 ± 333 


694 ± 403 


89 


16 


10 


3538 ± 1104 


3813 ± 1327 


93 


18 


10 


5612 ± 1583 


6332 ± 2310 


89 



Values are in mean ± SD. 
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DISCUSSION 

Aj3 amyloidosis is an established diagnostic criteria of AD (13, 
14) and is consistently seen in higher-order cortical areas as 
well as the hippocampal formation of the brain in affected 
subjects. It is believed that A/3 amyloidosis is a relatively early 
event in the pathogenesis of AD that subsequently leads to 
neuronal dysfunction and dementia through a complex cascade 
of events (15, 16). For unknown reasons, other brain regions, 
such as the cerebellum, are typically spared from advanced 
forms of amyloidosis in AD. Both the sequence of events of this 
process as well as the brain region specificity of AD pathology 
have been extraordinarily difficult to unravel because brain 
tissue cannot typically be analyzed until after the death of these 
patients. Recently, reliable and robust A/3 amyloidosis accom- 
panied by neuropathology has been demonstrated in the 
PDAPP mouse (6), providing a model in which to study these 
issues. In this report we have investigated the key metabolites 
of APP as a function of age and anatomical location and 
compared this to the immunohistochemically detected changes 
of A/3 in these animals. 

Various pathways of APP processing have been described, 
including the a-secretase pathway in which cleavage of APP 
occurs within A0 (Fig. 1 and ref. 8) and the amyloidogenic or 
j3-secretase pathway in which cleavage of APP occurs at the 
amino terminus of A/3 (Fig. 1 and ref. 7). Further cleavage of 
APP leads to the constitutive production of Aj3, including the 
form ending at position 42 (A/342)- We have taken advantage 
of site-specific antibodies to develop ELISAs that detect 
specific APP products arising from these individual pathways 
in the PDAPP mouse brain. 




FlG. 5. A/342 and A04O immunohistochemical analysis in 18-month- 
old PDAPP mice. Aj3 deposits in adjacent sections from an 18-month- 
old mouse visualized with antibodies specific for A/fo (A) and Apw 
(B). [Bar (in B) = 100 pm.] 



Analysis of Aj3 and APP immunoreactivities in the PDAPP 
mouse brain leads to several interesting conclusions. First, 
levels of APP-at/FL were relatively constant over the age of the 
PDAPP mice examined and varied only modestly (1.6-fold) 
among the brain regions analyzed (Fig. 2), indicating that age- 
or region-dependent changes in expression of the transgene 
are not amyloidogenic factors in this animal. The lack of 
amyloid deposition and pathology in the unaffected brain 
regions in the presence of high levels of APP expression 
strongly argues that APP overexpression alone is insufficient 
to cause amyloid deposition in this model. An additional 
finding that supports this observation is that mice homozygotic 
for the PDAPP minigene have thalamic levels of APP that 
exceed those seen in the hippocampus of the heterozygote 
animals and yet still do not display A/3 deposition in this region 
(Fig. 3). 

To test if region- or age-dependent differential processing of 
APP to Aj3 contributes to A/3 deposition in the PDAPP mouse, 
we measured the /3-secretase product of APP-FL (APP-/3) at 
various ages in different brain regions (7). APP-/3 is a direct 
product of /3-secretase activity, and its production parallels the 
production of Aj3 in vitro under conditions that are expected 
to either directly modulate the activity of /3-secretase or to 
modulate the accessibility of APP to /3-secretase (17-19). 
Levels of APP-/3 are therefore thought to correlate with the 
production of A/3. The PDAPP mouse thus affords the unique 
opportunity to measure levels of this metabolite in a tissue 
destined to undergo amyloidosis at different stages of depo- 
sition. Examination of APP-/3 levels in different brain regions 
of the PDAPP mouse shows that levels of this APP metabolite 
do not change significantly with age (Fig. 2). This is true even 
in the hippocampus where very significant A/3 levels and 
deposition occur at 8 months of age or greater (Figs. 2 and 4). 
This finding argues strongly that the age-related amyloid 
deposition seen in the PDAPP mice is not due to age- 
dependent increased processing of APP to Aj3 mediated by the 
/3-secretory pathway. 

Vulnerable brain regions do seem to intrinsically process 
more APP to Aj3, however. The initial Aj3 levels in brains of 
young animals, before amyloidotic deposition, are higher in 
hippocampus and cortex than in cerebellum (38.1 pmol/g Aj3 
in hippocampus, 4.1 pmol/g A/3 in the cerebellum). Levels of 
APP-jS are also higher in amyloid-depositing brain regions; 
they are 3-fold higher in hippocampus and 2-fold higher in 
cortex relative to the unaffected cerebellum (Fig. 2). Even 
normalizing for the 1.5-fold difference in transgenic APP 
expression between these brain regions, there is 2-fold more 
APP-/3 and 7-fold more A/3 in the hippocampus compared with 
cerebellum, supporting the notion that there is more efficient 
processing of APP to A/3 in affected brain regions than in 
unaffected regions. Modest changes in A/3 production, such as 
in Down syndrome, are sufficient to accelerate amyloid dep- 
osition (15). Taken together, these data suggest that increased 
constitutive processing to A/3, via the j3-secretase pathway, is 
a significant factor in the brain region specific deposition of AjS 
that is seen in the PDAPP mouse. 

However, there must be other significant factors in addition 
to enhanced A/3 production that lead to amyloidosis, since 
measurements of AjS or APP-/3 levels in unaffected brain 
regions of mice homozygotic for the PDAPP minigene are 
essentially equivalent to those seen in affected brain regions of 
the heterozygote PDAPP mice (Fig. 3). This clearly indicates 
that not only is reaching a threshold level of AjS required to 
cause amyloid deposition, but that other regional specific 
factors are required to interact with AjS to elicit amyloid 
deposition. One can only speculate that such factors might 
include age-dependent expression of specific proteoglycans 
(20) or specific receptors and binding substances for A/3 such 
as Clq, Apo E, or APO J (21-23). Such factors may interact 
with the AjS peptide and result in its increased aggregation or 
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fibril formation. The defined regional and time course of 
amyloid deposition events in this model allow a means to 
define these factors. 

Initial brain levels of A/3 show interanimal variability up to 
2-fold. There are no outlying animals with excessively high or 
absent A/3. Since the genetic strain of mice can have an effect 
on transgene phenotype and this line was derived in a highly 
outbred background, we tested whether the variability could be 
reduced by crossing it onto an inbred strain. Variability among 
animals of initial brain A/3 levels does not seem to be due to 
the genetic variability of the outbred strain since inbred 
animals displayed the same variability in Aj3 as the outbred 
animals. 

Aj3 amyloid deposition seen in the PDAPP mouse brain is 
highly age- and region-specific (Figs. 2 and 4). Amyloid 
deposition accelerates at around 7 months of age, and by 12 
months of age, amyloid deposition is pronounced throughout 
the hippocampus and in the frontal region of the cortex. 
Between 12 and 16 months of age, a further dramatic increase 
in deposition is observed. This anatomical localization of A/3 
deposition is remarkably similar to that seen in AD (13). The 
age-dependent increases in immunohistochemically detectable 
amyloid deposition correlate well with the dramatic rise in Aj3 
levels in these brain regions as measured by ELISA. An 
increase in A]3 is measurable by 7 months of age and by 10 
months the hippocampus has 2180 pmol A/3/g of tissue. By 18 
months of age, the levels of A042 are comparable to the higher 
A/3 levels observed in humans with AD (24). A/3 levels in the 
cerebellum at 10 months, an unaffected brain region, remain 
at 4 pmol/g of tissue — essentially unchanged relative to the 
levels at 4 months of age, in agreement with the extent of 
amyloid deposition observed by histological analyses. Thus, a 
reproducible increase in measurable A/3 occurs in the brain 
tissue of the PDAPP mice that correlates with the severity of 
amyloid deposition. These results suggest that in aged PDAPP 
mice, monitoring of brain A/3 levels reflects amyloid burden 
and therefore direct immunoassay measurement of brain A/3 
levels can be used to monitor the effects of compounds that 
reduce amyloid plaque burden. 

The vast majority of depositing A/3 in these mice is of the 
longer A/3 42 form, despite the fact that the majority of A/3 
produced in younger animals are shorter species (Table 1). The 
ELISA data suggest that A/342 is preferentially depositing in 
the transgenic mice, a result confirmed by immunostaining 
(Fig. 5). This is in agreement with studies of human AD and 
of Down syndrome brains, wherein the predominant and 
initially depositing A/3 is the longer form (11). In this respect, 
this mouse model again faithfully reproduces human AD 
pathology, indicating that the biological mechanisms leading 
to the preferential deposition of A/342 in AD are conserved in 
the mouse. At 18 months of age, the percentage of shorter A/3 
is essentially the same as at 12 months in both the cortex and 
hippocampus. Immunohistochemistry suggests that deposition 
of the A/3 4 o species is primarily in compacted plaques, as 
opposed to increasing amyloid angiopathy. The fact that the 
majority of A/3 detected in the mouse begins at Asp-1 is 
different from that reported in human AD (24). However, it is 
not clear how much of the amino-terminal modification in the 
human occurs after deposition. In AD, the plaques presumably 
have a residence time of several years, in contrast to several 
months, as in the case of the PDAPP mouse. The A/3 42 found 
in the cerebrospinal fluid of AD patients is primarily A/3i_ 42 



(unpublished data), suggesting the predominant cleavage sites 
are not shifted in the mouse from that in AD. 

Aside from the insights into A/3 amyloidosis offered by the 
PDAPP model, there is a practical use of these studies as well. 
Using these measurements, it is now feasible to test agents that 
reduce A/3 peptide burden by preventing its production. Com- 
pounds designed to prevent or reverse A0 deposition can also 
be evaluated in a reasonable in vivo fashion. Such agents, 
designed to prevent or reduce amyloidosis and plaque burden, 
will afford a new approach to the treatment of AD. 
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